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Abstract 
The research reported in this thesis dealt with single crystals of thallium bromide grown 
for gamma-ray detector applications. The crystals were used to fabricate room temperature 
gamma-ray detectors. Routinely produced TlBr detectors often are poor quality. Therefore, 
this study concentrated on developing the manufacturing processes for TlBr detectors and 
methods of characterisation that can be used for optimisation of TlBr purity and crystal 
quality.  
The processes under concern were TlBr raw material purification, crystal growth, 
annealing and detector fabrication. The study focused on single crystals of TlBr grown from 
material purified by a hydrothermal recrystallisation method. In addition, hydrothermal 
conditions for synthesis, recrystallisation, crystal growth and annealing of TlBr crystals were 
examined. The final manufacturing process presented in this thesis deals with TlBr material 
purified by the Bridgman method. Then, material is hydrothermally recrystallised in pure 
water. A travelling molten zone (TMZ) method is used for additional purification of the 
recrystallised product and then for the final crystal growth. Subsequent processing is similar 
to that described in the literature.  
In this thesis, literature on improving quality of TlBr material/crystal and detector 
performance is reviewed. Aging aspects as well as the influence of different factors 
(temperature, time, electrode material and so on) on detector stability are considered and 
examined. The results of the process development are summarised and discussed. This thesis 
shows the considerable improvement in the charge carrier properties of a detector due to 
additional purification by hydrothermal recrystallisation. As an example, a thick (4 mm) TlBr 
detector produced by the process was fabricated and found to operate successfully in gamma-
ray detection, confirming the validity of the proposed purification and technological steps. 
However, for the complete improvement of detector performance, further developments in 
crystal growth are required.  
The detector manufacturing process was optimized by characterisation of material and 
crystals using methods such as X-ray diffraction (XRD), polarisation microscopy, high-
resolution inductively coupled plasma mass (HR-ICPM), Fourier transform infrared (FTIR), 
ultraviolet and visual (UV-Vis) spectroscopy, field emission scanning electron microscope 
(FESEM) and energy-dispersive X-ray spectroscopy (EDS), current-voltage (I-V) and 
capacity voltage (CV) characterisation, and photoconductivity, as well direct detector 
examination.  
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11 Introduction 
Among wide bandgap semiconductor materials single crystals of TlBr (2.68 eV) are the 
most promising for use in room temperature gamma-ray detectors.1 The high stopping-power 
of its elements [Zeff = (81+35)/2 = 58] and its density (7.56 g/cm3) make it unique and suitable 
for space astrophysics, medicine and military applications. Unfortunately, TlBr is toxic and 
soft, and both these properties considerably impede the development of TlBr as single 
crystals.  In addition, the use of TlBr crystals for gamma-ray detectors is  still  limited by the 
quality of this material.2 Two characteristics of TlBr material, purity and crystal quality, 
which are attributes of gamma-ray detectors,3 are still far from perfect.I, II
The aim of this thesis was to obtain the single crystals of high-purity and highest crystal 
quality, which were suitable for X-ray and gamma-ray detection. When the experimental 
work of this thesis was started, TlBr detectors were known to perform poorly, and their 
mobility-lifetime products (μ) were still impurity limited.4 Therefore, optical grade material, 
which is purified by commonly used methods, crystallisation from vapour and melt, was 
firstly applied for gamma-ray detectors. However, the produced detectors showed low 
performance,I because material aimed for optics is not good enough for radiation detectors.51
The purity of TlBr could be improved in the zone refining process, since increasing the 
number of refining passes from 20 to 50, increases resistivity and μ by an order of 
magnitude.5 On the other hand, the performance of TlBr material purified by 200-300 passes 
has been limited by crystal imperfections that probably is originated during crystal growth 
or/and detector fabrication.6 Thus, purity and crystal quality of TlBr are the most important 
problems in the detector manufacturing process.  
Two basic concepts were used in this thesis for solving these problems. For purification, 
in addition to traditional methods used for obtaining optical grade materials, the 
crystallisation  from  water  solutions  was  applied.  The  basis  of  this  is  that  TlBr  samples  
produced by melt methods and from water solutions were different with respect to impurity 
composition, and removing soluble components was effective in pure water.I For crystal 
quality improving, the annealing was used during the manufacturing process, because TlBr as 
extremely soft material easily became damaged and contaminated.  
Different methods were used for the preparation of high-purity TlBr material and single 
crystals made from it. Since TlBr is sparingly soluble in water, the hydrothermal conditions 
were applied. In general, the use of the hydrothermal method for synthesis, recrystallisation, 
2crystal growth and annealing is innovation for TlBr, the details of which are considered in 
corresponding chapters.  
This thesis consists of 7 publications and a summary text, in which the factors affecting 
the purity of the TlBr material, crystal quality, and detector performance were studied. In 
paper I, TlBr single crystals of different origins were studied by trace element analysis, and 
hydrothermal methods were for the first time used for purification purpose. In paper II, 
different types of annealing were used to improve the crystal quality of TlBr crystals; and 
annealing effects on the electrical, optical and X-ray response properties were studied as well. 
The effect on crystal quality of mechanical and chemical treatments, which are typically used 
for detector fabrication, was studied in paper III. Different electrode materials and their roles 
in TlBr-metal interfaces were described and examined in paper IV. Degradation of TlBr 
devices and their electrical stability under prolonged bias voltage were studied in paper V.  
The  results  of  papers  I-V  were  used  in  improvement  of  the  total  process  for  the  TlBr  
single-crystal detector, as it was reported77 and described in paper VI. The complete 
improvement of detector performance was shown to require further developments in crystal 
growth of TlBr. Several improvements in Bridgman-Stockbarger method and corresponding 
failures in detector performance were discussed and analysed in paper VII.  
The summary text of the thesis is organised as follows. In chapter 2 Background, the 
properties of Tl halides and general information relevant to gamma-ray detectors are 
considered and reviewed. TlBr purity and crystal quality are the most important 
characteristics for room temperature gamma-ray detectors. Therefore, in this work special 
attention has been paid to these qualities during TlBr purification, crystal growth and 
annealing (chapter 3), as well, during detector fabrication (chapter 4). These characteristics 
are also followed and treated in chapter 5, where instrumental methods used for optimisation 
of  the  total  manufacturing  process  are  summarised.  The  summary  text  does  not  contain  
separate chapters for literature review and experiments. These topics are included in the other 
chapters. The results of the work and view to the future developments and applications of 
TlBr single crystal detectors are presented in chapter Conclusion.  
32 Background
2.1  Chemical properties 
Several specific features of the element thallium influence the chemical behaviour of TlBr 
during the detector manufacturing process, and they are considered below.  
2.1.1 Electronic configuration and oxidation states of thallium 
As expected from the electronic configuration (s2p1) of elements in Group 13, the great 
majority of the compounds of Group 13 elements contain the element in oxidation state 3+. 
However, the univalent state becomes progressively more stable as one descends down the 
group7a and Tl(I) compounds are numerous.7c For thallium chemistry the Tl(I) – Tl(III) 
relationship is a dominant feature.8 This phenomenon is associated with the so-called 
Sidgwick inert electron pair effect.9 The term refers to the resistance of a pair of s electrons to 
participation in covalent bond formation,8 and is much more pronounced for the heavier 6s2-
elements Hg, Tl, Pb and Bi, which form stable compounds with an oxidation state two units 
less than would be expected. A more complete discussion of the inert electron pair effect is 
given in Ref.10a For thallium, the 6s-shell stabilises Tl(I) compounds, which often resemble 
the corresponding compounds of the alkali metals.7c
Although the oxidation state 3+ is less stable for thallium than for higher members of 
Group 13, when all three electrons of thallium are used, the bonding is always covalent.7b
When the ionic character is pronounced for Tl(I) compounds, the impurity-admixture of 
oxidation state 3+ should be considered as well. For example, when oxygen, nitrogen, or 
sulphur bind to organic groups and also to Tl(I), the Tl-X bond appears to be more covalent 
than the bond to alkali metal ions in similar compounds.8b
In solutions, complexation increases the probability of the Tl3+ state. As expected from the 
high positive value of the redox potential (see Eq. 1), the Tl+ state is quite stable in aqueous 
solutions. However, the potential decreases to +0.770 V in 1M HCl solution, due to the 
presence of the complexing anion Cl-, which stabilises Tl3+ more than Tl+.8b
Tl3+ + 2e = Tl+, +1.26 V in 1M of HClO4 (Eq. 1) 
The next trend influencing the Tl+/Tl3+ ratio in aqueous chemistry is the extensive 
hydrolysis  of  Tl(III)  ion  to  TlOH2+,  from  which  it  becomes  the  colloidal  oxide  even  at  pH  
values from 1 to 2.5.8b In this work, the hydrolysis of Tl(I) was studied under hydrothermal 
conditions. A black precipitate of Tl2O3 formed  easily  in  alkali  solutions  (see  Fig.  1).  The  
reaction was found to be favoured by increasing the temperature and/or pH. The minimum pH 
4value at which the black traces were found under the microscope was ~7.08 after hydrolysis at 
180C.  
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Fig. 1. X-ray powder diffraction pattern of the black material formed by hydrolysis of TlBr at 140 oC, shown by 
solid line, and reference pattern of Tl2O3 (PDF 33-1404), shown by bars.  
Thus, the formation of the Tl(III) compound in Tl(I) aqueous solution is possible due to 
complexation  or  hydrolysis.  Separate  Tl(III)  compounds  or  Tl3+-ions can consequently be 
incorporated into the Tl(I) compound as impurities. Both mechanisms should be taken into 
account during synthesis, purification and crystal growth of Tl(I) compounds in water 
solution.  
2.1.2 Tl(I) chemistry  
The chemistry of the Tl(I) ion is briefly summarized based on Cotton.8b In crystalline 
salts, the Tl+ ion is usually 6- or 8-coordinate. The colourless Tl+ ion has a radius of 1.54 Å, 
which, when compared to the radii of K+, Rb+ and Ag+ (1.44, 1.58, and 1.27 Å), explains why 
Tl(I) chemistry resembles that of both the alkali and silver ions. Thus, the Tl(I) hydroxide is 
readily soluble in water to give strongly basic solutions that absorb carbon dioxide from the 
air, like alkali. Many Tl(I) salts (for example, cyanide, nitrate, carbonate, sulphate, 
phosphates, perchlorate and acetate) are isomorphous with the corresponding alkali salts, 
although their solubilities are somewhat lower. In other salts, such as the chromate, sulphide 
and halides (except for the very soluble TlF), which are sparingly soluble in water, the Tl(I) 
ion resembles Ag+. For example, TlCl darkens on exposure to light. However, unlike AgCl, 
TlCl is insoluble in ammonia.  
5The photosensitivity of Tl is used in scintillation radiation detectors, which are made from 
alkali  halide  crystals.  Incorporation  of  Tl(I)  halides  into  alkali  halides  gives  rise  to  new  
absorption and emission bands, thus, salts activated with thallium become phosphors. The 
NMR signals of Tl(I) and Tl(III) are readily detected both in solutions and in solids. The 
resonances are very sensitive to the environment and have large solvent-dependent shifts. For 
Tl+ it is possible to correlate shifts with solvating ability.  
2.1.3 Tl(I) – Tl(III) mixed halides  
Thallium (I) halides are quite stable. Tl(III) compounds are reduced to Tl(I) compounds in 
solution and decompose with heating. However, thallium readily gives rise to intermediate 
compounds which contain both Tl(I) and Tl(III).11a The action of bromine and chlorine on the 
Tl(I) halide yields the Tl(III) compound, but well-defined intermediate compounds may be 
isolated, as shown in Eq. 2:  
Tl(I) [Tl(III)A4] = 2 TlA2 and Tl(I)3 [Tl(III)A6] = 2 Tl2A3, (Eq. 2) 
where A is Cl or Br.7d Bromine gives these type of compounds more easily than chlorine. The 
tri-iodide compound, however, is Tl(I)II2, but in water solution there is an equilibrium 
between two isomeric forms of the tri-iodide: Tl(I) [II2] <=> Tl(III) [I]3.11b Therefore, the 
formation of intermediate compounds can occur in Tl(I) halides if oxidant impurities are 
present or can be formed during synthesis, purification or crystal growth from the vapour or 
molten state.  
2.1.4 Tl(I) halides and impurities 
One of the most important impurities in Tl halides is thallium itself which has been 
oxidized during processing by the mechanisms described above. The oxidation can occur due 
to environmental conditions, tools and materials used, or oxidant impurities present during 
processing. The oxidised impurity can be in the form of a Tl(III) substance or Tl(I)-Tl(III) 
intermediate compound, or the Tl3+-ion can be directly incorporated in a host lattice. If a 
Tl(III) compound decomposes, the corresponding compound of Tl(I) contaminates the 
thallium halide, as in case of Tl2O3, which is reduced to Tl2O during thermo-treatment.  
A second source of impurities is the substitution of ions in the host lattice. Ions, which are 
in the same oxidation state and with a radius similar to that of the ion they are replacing, 
substitute easily for each other, since they produce less distortion of the lattice. Thus, the Tl+-
ion, which has radii of 1.50 Å in NaCl-type or 1.59 Å in CsCl-type lattices34b, can be replaced 
by alkali, silver (see 2.1.2) and ammonium ions. Tl+ is a rather large ion and many other 
cations can occupy its place. Substitution with ions in other oxidation states also inserts 
6vacancies because electro-neutrality must be maintained. For example, one Cd2+Tl Tl Br-2
substitutes for two TlBr. Halide anions can substitute for each other, which is a serious purity 
problem for Tl halides. Since Cl-, Br- and I- anions are large ions with the radii of 1.81 Å, 1.96 
Å and 2.2 Å,34b respectively, many other anions and molecular groups can be incorporated 
into the halide lattice.12 Impurity phenomena and theoretical explanations based on molecular 
vibrations in crystals have been considered by Decius and Hexter.13a
The next source of impurities is the processing of a Tl halide in water solutions, where 
insoluble compounds contaminate it. The elements of insoluble halides are located near one 
another in the periodic table and act similarly chemically, particularly if their oxidation states 
are the same.14 In  Table  1,  the  solubilities  of  the  halides  decrease  in  the  order  Cl  >  Br  >  I.  
Sn,15b Sb and Bi15c halides are hydrolysed in dilute solution. If Si and W impurities are present 
in acidic dilute solutions of halides,  silicic Si(OH)4 and tungstic H2WO4 insoluble acids can 
precipitate.14 Thus, in Tl halide obtained from solutions the possible impurities are AgX, 
Hg2X2, PbX2 halides (where X – halide-anion), oxy-halides of Bi and Sb, and hydroxides of 
Si and W. The other elements considered in Table 1 will precipitate from solution only under 
specific conditions.  
Table 1. A portion of the periodic table of elements, showing metals which form insoluble halides. The 
underlined elements have a tendency to be in oxidation state 2+, halides of which are only slightly insoluble. 
Elements in parentheses are normally present in the oxidation state whose halides are soluble or form 
complexes. Insoluble chlorides of elements in oxidation state 1+ are shown in grey.14
(Cu)
(Ru) (Rh) (Pd) Ag    Sn Sb 
(Os) (Ir) (Pt) (Au) Hg Tl Pb Bi 
Therefore, during processing of Tl halide, impurities can be easily incorporated or Tl(I) 
can be partly oxidised to the Tl(III), and both processes cause a deviation in the stoichiometry 
of the compound. Non-stoichiometry is a problem in Tl halides, since it influences 
conductivity of the material16 and, in turn, detector performance. Carefully maintaining the 
proper conditions and the use of clean room techniques preserves the stoichiometry and purity 
of the compound. In addition, all thallium compounds are highly toxic. They cause damage to 
the nervous system and digestive organs11a and in trace amounts cause loss of hair.15a
?
72.2  Physical properties 
In  the  field  of  the  detection  of  the  hard  X-  and  gamma-ray  radiation,  Tl  halides  are  
attractive as materials for gamma-ray detectors because of their physical properties, see Table 
2. A wide bandgap of Tl halides (~3 eV) makes them as potential room temperature detectors.  
Table 2. General properties of Tl halides  
General properties TlCl TlBr TlI Ref. 
Lattice parameter, Å 3.834 3.97 4.18* 11a
Melting point, ºC 431 460 442 175a
density , g cm-3 7.00 7.557(17.8o) 7.09 38a
solubility product 
constant, 25 C 1.86 x 10
–4 3.71 x 10–6 5.54 x 10–8 34a
Optical transparency 
Vis-IR edges, 	m 0.38-36 0.44-48 0.56-60** 44d
Defect    formation  energy
by Schottky, eV 0.79 0.69 0.64 89
by Frenkel, eV 1.55 0.86 0.21 89
* yellow rhombic 
-form exists below 168oC
** data given for KRS-5: mixture of TlBr (46%) and TlI (54%)55
Tl halides form simple TlX compounds (where X – halide-anion) with a cubic CsI-type 
lattice. They have relatively low temperatures of melting that facilitate the single crystal 
growth from melt. Both the high stopping-power of Tl (Z=81) and density of its halides allow 
to  make  compact  detection  devices  with  high  efficiency  of  radiation  absorption.  TlI  has  
stopping-power higher than TlBr and TlCl [Zeff =(ZTl+ZHal)/2 is equal to 67, 58 and 49, 
respectively], but this compound transfers from cubic to rhombic form below 168oC that 
impedes its crystal growth from the melt. All halides (excluding fluoride) are sparingly 
soluble in water that makes easy manipulations with them. The thallium halides are widely 
used in optical elements for IR devices44g due to their transparency over a wide spectral range, 
and are actively studied as promising materials for fibre IR waveguides because of their low 
transmittance loss and softness permitting easy extrusion.45 The optical properties of TlBr are 
known to be used in scintillation detectors.40, 41, 42, 43
2.2.1 History 
Thallium halides have been known since the early days of photography due to their 
photosensitivity to light, and only their toxic character prevented their use as photographic 
material. Lehfieldt (1933) studied the electrical conductivity of single crystals of alkali 
halides, AgCl, AgBr, TlCl and TlBr,17 and the photo-conducting properties of silver and 
thallium halides, and found many similarities between them.18
8A halide crystal counter was first described in Van Heerden’s dissertation19 (1945), which 
showed that  silver  chloride  crystals  at  low temperature  may detect  gamma rays  and  
-  /  -
particles. Hofstadter1 (1947), knowing about Lehfieldt’s work, then extended Van Heerden’s 
work  to  the  Tl(I)  halides.  He  found that,  if  mixed  crystal  TlBr0.4I0.6 (~KRS-5) was properly 
prepared and annealed, it was able to detect gamma-radiation of Ra. He suggested the same 
result for pure thallium bromide and thallium iodide. In 1949 Hofstadter published his work 
on crystal counters using theoretical approaches20 to experiments with halide crystals.3 At that 
time, halide compounds were thought to be the most promising materials for gamma-ray 
detection, and nobody understood that the elemental semiconductors (Si and Ge) were 
available for this purpose.  
During the same time, in the field of semiconductor physics, Bardeen and Brattain (1948) 
discovered the Ge transistor21 and described the nature of its contacts,22 and Shockley and 
Pearson23 considered theoretically and studied experimentally conductance modulation by 
surface charges. In 1949 McKay24 used Bardeen and Brattain’s results for making a barrier 
layer in germanium and very successfully measured 
-ray pulses of Po. During the further 
rapid development of the Ge and Si semiconductor industry, in fact, they were anticipated to 
be primary radiation detectors.2 The compound semiconductors, such as the alkali-metal 
halides, CdTe, CdZnTe and HgI2, received very little attention until the 1960s.25
At that time the optics industry was developing Tl halide materials for IR and night vision 
devices. Therefore, optical transmittance and clarity were the main parameters for 
optimization,  for  which  other  characteristics,  such  as  purity  and  crystal  quality,  were  
sacrificed. After the 1960s, progress in fabrication of compound semiconductor detectors 
(CSDs) has been incremental.26 Nowadays, with regular missions into space, studies of the 
universe generated the problem of cosmic ray detection without the use of special cryogenic 
systems. As a result, attention once again turned to wide bandgap CSDs. CdTe, CdZnTe and 
HgI2 radiation detectors were made commercially available; however, the individual devices 
were mostly restricted to small sizes.26 Such quality factors as micro-crystallinity, high defect 
densities, purity and stoichiometric imbalances considerably limited the carrier transport 
properties of compound semiconductors.2
For future planetary and astrophysics missions, the development of high-resolution 
imaging X-ray spectrometers is needed. Silicon-based imaging detectors are already well 
developed, but their efficiency is limited in practice to 20 keV.27 Therefore, the search for and 
improvement of CSD materials for the energy range 30-500 keV and higher, and for 
9specialized applications in which Ge, Si or scintillation detectors are unsuitable, is a current 
task for CSD development.  
2.2.2  Criteria for the compound semiconductor as a gamma-ray detector 
Since Hofstadter’s work,3 many researchers have formulated the requirements for 
materials  to  be  used  as  gamma  and  X-ray  detectors.  The  material  characteristics28 are 
restricted by the type of radiation, detector construction, and limitations of measuring 
techniques. The detection of various types of radiation by CSDs has been carefully considered 
in the classical works of Dearnaley29 and Bertolini.30 There are several reviews25, 31, 32 of 
materials for radiation detectors at elevated temperatures, from which some general criteria 
for CSDs are summarised in Table 3.  
Prince and Polishuk emphasised that a CSD should be a large uniform single crystal 
without polarisation effects, and that the mobility-trap time product μ should be stable over 
operating temperatures. Among other features, they mentioned that a detector has to be low 
cost, reproducible, reliable, and resistant to environmental conditions, with the 1st stage of a 
preamplifier being included with the detector’s package.25 The  CSD  must  be  capable  of  
operating in the energy range 50 – 100 keV and have about 2% FWHM resolution.31
Table 3. Material and device requirements for gamma-ray CSDs to be used at elevated temperatures.  
Evaluation parameter (1967)25 (1968),30 (1975)32
Depletion depths > 1mm 
Active area > 1 cm2
Thickness … ~2 mm 
Material high Z Z~40
Bandgap Eg, eV > 1.3 ~1
Min carrier mobility μ, cm2/(V s) 100 100
μ , cm2/V 10-5
Ionised dopant density, cm-3 < 1012  5x1011
Trapping centre density …  5x1012 cm-3
Temperature range, oC -50 to 300 
Contacts non-injecting non-injecting 
Noise Noise free 
Leakage current < 10-5 A 
In a simplified model of CSD in Fig. 2, a planar detector is operated by applying a voltage 
across  contacts  on  opposite  sides  of  the  device.  Ionising  radiation  (gamma  rays  or  charged  
particles)  produces  at  the  absorption  point  a  compact  plasma  cloud  of  the  excited  electron-
hole pairs in proportion to the energy of the radiation deposited in the detector. For a period of 
time known as the plasma time, the plasma is inactive under the applied voltage, since any 
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opposite movements of electrons and holes are blocked by the appearance of an opposite 
inner electric field. The delay effects are generally decreased by an increase in the electric 
field.32 During the second stage, the plasma cloud is enlarged by diffusion and split by the 
electric field to give free electrons and holes. These free charges then drift through the applied 
electric field, creating an induced charge at the terminals of the device. The charges formed 
by radiation are collected during this stage, and completeness of the collection determines the 
efficiency of the detection. Unfortunately, impurities and imperfections in a crystal lattice 
catch  the  carriers  (both  electrons  and  holes),  then  free  them  up.  The  uncertainty  of  the  
trapping and de-trapping events decreases the collection efficiency and the energy resolution.  
This model shows that the material must to be of highest purity and crystal quality in order 
to minimise the trapping effects. In general, the collection efficiency is related to the Eμ
product, which is often associated with the mean drift length before trapping. For a given 
material, an electric field E is limited by coronal breakdown.31 Both the carrier mobility (μ) 
and lifetime () terms, reflect the quality of the crystal. In this regard, the most useful figure of 
merit when comparing compounds is the mobility-lifetime product μ.2
Fig. 2 (left). Formation of the plasma cloud by adsorption of a gamma quant or charged particle (density of 
electron and hole pairs on the order of 10-19 cm-3 for 
-particles32), expansion of the cloud and the split to give 
free electrons (e) and holes (h). 
Fig. 3 (right). Depth of various wide bandgap materials and Si for attenuation of 1000 (ratio of incident and 
passed photon radiation). Data calculations are based on Ref.169 and attenuation coefficients of elements for 
photons of different energies.34d
For CSDs, the mobility-lifetime products for electrons are several orders of magnitude 
lower than those for elemental semiconductors. The product μ for holes is worse yet by at 
minimum one order of magnitude, and therefore, the value of μh for holes characterises the 
quality of the material and is often used in physicochemical considerations of CSDs.33 Hence 
for minimisation of trapping, crystal thickness is decreased in order to achieve the mean drift 
+-
eh
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length of holes. For example, a thin crystal and a high electric field were used in the first Ge 
detector.24
Thus, the quality of the material limits the maximum detector thickness, which is 
determined by the mean drift length of holes. For many wide bandgap materials, a thickness 
of 0.5 mm is mostly technically attainable. On the other hand, the attenuation of radiation 
depends on material thickness (h) as exp(-μh), where μ is the mass attenuation coefficient 
and  is material density. The attenuation efficiency of wide bandgap materials has been 
evaluated by several authors.6, 35, 36 Plotted for a thickness of 0.5 mm it increases from Si to 
GaAs, CdTe, HgI2 and TlBr.176 The depths of these high-Z materials presented in Fig. 3 as a 
function of a photon energy at fixed 1000-fold attenuation show that the 0.5-mm thickness 
limit should be considerably increased for hard X- and gamma-rays. Thus, improved quality 
of materials is needed in order to make detectors of high energy photons.  
The next problem is connected to the energy bandgap Eg: CSDs with a larger bandgap 
have lower dark current and higher spectroscopic resolution,37 but they tend to have relatively 
small carrier mobilities due to greater polar lattice carrier scattering.31 For room-temperature 
radiation CSDs, the lower limit for Eg is set to ~1.4 eV, since in materials with a smaller 
bandgap the carriers are thermally generated at room temperature. The highest bandgap is set 
to ~3.5 eV, since for larger bandgap materials an increase in energy is required for the 
electron-hole formation. Larger Eg values may also allow large values for the electrical 
resistivity (R), allowing the application of larger electrical fields (E). However, in CSDs the 
value of R itself depends additionally on stoichiometry, purity and the possible mixed 
oxidation state of the metal in the compound, for example in halides of Tl+ and Tl3+, Pb2+ and 
Pb4+, and Hg+ and Hg2+. 33
In a recent review on compound semiconductor radiation detectors, various wide bandgap 
materials and the influence of their characteristics on detection and detector performance are 
summarised and analysed.2 The wide bandgap is important for space astrophysics because it 
allows device operation at near room temperature using a Peltier cooler. Among wide 
bandgap semiconductor materials, single crystal TlBr (2.68 eV ) was chosen for the current 
work. The high stopping power and density38a of TlBr make this material the leader among 
other materials in completeness of gamma-ray absorption, as it is shown in Fig. 3. Both these 
properties could be utilised in the kinds of compact and mobile devices that are needed for 
express analysis and military applications. Moreover, the completeness of absorption could 
decrease the dose deposited in a patient during X-/ gamma-ray medical courses. The recent 
achievement of an inter-pixel resistance of ~500 G with a gap of 100μm between the 
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electrodes at 50V in a small-format TlBr array39 makes TlBr an attractive material for 
manufacturing a compact 2D-array detector in the field of hard X-ray imaging spectroscopy. 
The high transparency of TlBr over a wide spectral range is utilised as well in this field, and 
several scintillation and photo detectors using TlBr have been successfully manufactured.40, 41, 
42, 43 Therefore, TlBr is a promising material for X-ray and gamma-ray room temperature 
detectors, with many potential applications.  
2.2.3 Quality of industrial TlBr 
As noted previously, the quality of Tl halides was improved for decades to enhance optical 
transmittance. Tl halides transmit light over a wide range of visible and IR spectra (Table 2). 
The short wavelength boundary has been found to be dependent on bandgap (Eg) of the 
material, and long wavelength transmittance is limited by vibrations of the crystal lattice.44b
Attenuation and scattering losses have been studied in optical fibre materials45, 46, 47 since 
these losses are, for example in KRS-5, three orders of magnitude above the intrinsic bulk 
absorption at 10 	m.47 The losses have been associated with impurity absorption45 and as well 
with residual strain resulting from the manufacturing process.46 The most rational 
parametrisation and numerical estimations of this problem have been done by Lines.48, 49
Experimental absorption coefficients in the long wavelength region are some what higher 
than expected based on theory. When an impurity is built into the host lattice, scattering of 
phonons increases, as a result, the attenuation of light enlarges with increasing impurity 
content. When the concentration approaches the limit for a given impurity, its further increase 
causes the formation of inclusions as a separate phase. At this stage, since local tension occurs 
around the inclusions, the built-in impurities are forced out from lattice positions into the area 
with higher tension. The lattice becomes more perfect and its absorption coefficient decreases, 
but now Rayleigh scattering takes place on the inclusions.44c Further increasing the impurity 
concentration produces visual effects and even degradation of the material.50 More  details  
about impurity effects and annealing are given in chapter 3.4.  
Since the equilibrium between the amount of the impurity in the lattice and the formation 
of  inclusions  depends  on  temperature,  thermal  treatments  of  the  host  material  are  optimised  
for given impurities in order to maximise the optical transmittance.44c Instead of developing 
methods of material purification, this method is used in the industry for improving clarity of 
Tl  halide  optics.  For  example,  several  TlBr  crystals  used  in  our  studies  were  grown  with  a  
temperature drop of about 100 degrees between liquid and solid phases.51 These crystals 
13
preserved the excess of impurities frozen in the lattice in a meta-stable state. More details 
about these crystals are given in chapter 3.3.2.2.  
In general, TlBr crystals produced for optics do not fit to requirements of gamma-ray 
detectors because of impurities frozen in the lattice and strains caused by high temperature 
gradients during the solidification. TlBr purity and crystal quality are the most important 
characteristics for room temperature gamma-ray detectors, see chapter 2.2.2, above. In this 
work special attention was paid to these qualities and they were studied during TlBr 
purification, crystal growth and annealing as well during hydrothermal and aging treatments, 
as described in next chapter 3.  
3 TlBr purification, crystal growth and annealing 
3.1 TlBr raw material  
Thallium halides are sparingly soluble in water (see Table 2), so the easiest way to obtain 
halides is a precipitation reaction between the cation Tl+ and a corresponding anion A-: Tl+ + 
A- => TlA .7a With water solutions the method is quite flexible and widely used in industry. 
Soluble sulphate and nitrate of thallium are conventionally combined with a salt or acid of the 
corresponding halide. However, the routine operations removing by-product ions of the 
mother solution, such as a decantation or a filtration, are not sufficient for the production of 
optical grade material, because during the precipitation, thallium halides easily capture 
impurities of Ag, Pb, Cu and Cd.52a Water itself as an impurity influences the properties of Tl 
halides,53 therefore, synthesis methods are often classified as “wet” or “dry” based on the 
presence or absence of water.  
3.1.1 Wet method
In order to improve optical properties of Tl halides, it has been recommended that reagents 
of maximum purity be used for synthesis, for example, electrochemical grade Tl and its 
nitrate as precursors for the precipitation reaction.52a In the case of a reaction with acid, excess 
acid should be neutralised, for example, by alkali solution, but this increases the possibility of 
hydrolysis of Tl+ to Tl3+ in subsequent operations, as described in chapter 2.1.1. The stability 
of TlBr detectors is a current problem, therefore the aging and precursor effects on stability of 
TlBr raw material were studied in this work.  
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3.1.1.1  Aging effects 
Oxygen-containing anion impurities affect the properties of Tl halides and even cause 
visual degradation of the material.53, 54, 50 The  changes  in  optical  attenuation  with  age  are  
correlated with the physical properties of the material.55 The prolonged decomposition of 
KRS-5 fibres under various environmental conditions has been studied using SIMS depth 
profile, powder neutron and X-ray diffraction, IR spectroscopy and EPR methods.56 For aging 
over a two year period, illumination and darkness, and helium, argon, hydrogen, ammonia and 
air atmospheres, and also vacuum were used. The most common impurities were found to be 
H, C, N, O, Na, Mg, Al, Ca, Cu, Cl and Tl oxide. A high amount of hydrogen was confirmed 
as well by neutron scattering, and based on EPR data, the authors suggested that this impurity 
exists in the form of water. The annealed sample kept in a vacuum in the dark was found to 
undergo degradation to a lesser extent than other samples.56
Aging effects were observed as well in this work when commercial TlBr powder changed 
its colour from yellow to dark-red for several years. In Fig. 4, the powder diffraction patterns 
indicate  the  formation  of  new  phases  and  the  growth  of  their  reflections  during  aging.  The  
identification of extra peaks was difficult due to possible formation of intermediate 
compounds.  
Fig. 4 (left) TlBr (CHEMPUR-99,999%) stored in the laboratory for ~2 years (TlBr-1, solid line) and ~4 years 
(TlBr-2, dotted line, offset 200 cnts), and reference pattern of TlBr (PDF 8-486), shown by bars.  
Fig. 5 (right) Free energy G for TlBr formed by reactions between Tl and Br2 (open squares), Tl and HBr (open 
circles), Tl2O3 and HBr (solid triangles up), and Tl2O and HBr (solid triangles down). The free energy G
was evaluated using HSC 5.1 software.57
3.1.1.2  Precursor effects  
In order to elucidate the role of precursor in the process of ageing, soluble compounds of 
Tl, namely the carbonate, nitrate and sulphate, were chosen for precipitation reactions of TlBr. 
The Tl/Br ratio was varied from 1/5 to 5/1. All freshly precipitated products had a bright 
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yellow colour and their powder diffraction patterns were similar to that of TlBr, PDF 8-486. 
The powder products were stored in daylight, under both dry and wet conditions in laboratory 
atmosphere for about a month. They were annealed up to 200 C and, additionally, irradiated 
by UV-light under wet and dry conditions. No visual effects were observed in the case of 
samples produced from sulphate and nitrate. The product made from Tl carbonate became 
reddish after one month at laboratory conditions. Its powder diffraction pattern was similar to 
the TlBr-1 pattern shown in Fig. 4.  
On the other hand, nitrate anion is a powerful oxidizing agent, and in hydrothermal 
experiments with Ba(NO3)2 the  oxidation  of  Tl+ to  the  oxide  of  Tl3+ has been observed. 
Therefore,  in  this  thesis  Tl  sulphate  was  chosen  for  the  synthesis  of  raw  material  by  the  
hydrothermal method (see chapter 3.1.4). The sulphate anion has additional advantages that it 
can be found out by IR-spectroscopy (see chapter 5.2.1) and the sulphur content can be 
determined by ICP-MS.I
3.1.2 Dry method
Several possibilities for synthesis of TlBr using a waterless technique are illustrated in Fig 
Fig. 5. TlBr is obtained from Tl or its oxides using dry Br2 or HBr. These reactions are 
thermodynamically favourable (G < 0) over a wide temperature range. A direct reaction 
between Tl metal and a halogen takes place at ordinary temperatures11a and produces a Tl 
halide material of low water content. If the thallium has been in air and corroded, the use of 
dry HBr is preferable, since impurities of thallium oxides can be avoided. An interesting setup 
for  a  direct  reaction  is  used  in  GIREDMET (Russia),  where  bromine  gas  passes  throughout  
the molten thallium (melting point 302 oC, density ~11.8538a) at a temperature slightly more 
than the melting point of TlBr (460° C). The product TlBr is collected from the Tl surface.  
The dry method protects the product from water and ionic impurities that are typical for 
water solutions. However, Tl halides made by a dry method may contain oxides of Si, B, 
Na(K), Al, Zn, Ba, Ca, Pb, P and other elements that are characteristic of the material used for 
crucibles and glass.58a The purity can be improved by the sealing the reagents in optical 
quartz, but this limits the size of the batches to ampoule dimensions.  
3.1.3 Method selection
In a dry method the limiting factor is the amount of product that can be made in one batch. 
This is restricted by the size of the corresponding reactor. Another disadvantage is the 
complicated apparatus needed for waterless purification of halogen or hydrogen halide 
gases.59
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Thallium halides produced by wet methods are basically less clean than those made by dry 
methods. For example, removal of mother solution from the powder product includes 
filtration, decantation, washing and rinsing with pure water and organic solvents, then drying 
and re-loading. These routine operations that take away by-product ions add the impurities 
associated with ambient conditions (for example, dust) and instruments used. A second source 
of impurities is the precipitation process.60 During the mixing of reagents, super-saturation 
with respect to solubility is created locally and randomly over the solution. Here, amorphous 
particles containing solution are formed in a local excess of ions. This charged and non-
structured phase easily adsorbs by-product ions of the mother solution and other impurities. 
During nucleation the impurities are incorporated into the solid, and further crystallisation 
builds them into the host lattice. Thus, impurities and solvent appear to be captured by 
precipitated crystals, and this process is different from so-called co-precipitation, where 
impurity ions that are compatible with the corresponding host ions are built in the host lattice 
according to a distribution coefficient.  
The  first  problem,  contamination  from  vessels  and  air,  can  be  diminished  by  the  use  of  
modern instruments developed for the semiconductor industry. Instruments made from 
plastics and ceramics, ultra-filtration of solutions, and clean room atmosphere help avoid 
ambient and instrumental impurities. The second problem, ions and water captured by 
precipitate, is mostly resolved by classical methods: by recrystallisation from water solution 
or by sublimation in a stream of dry N2.61 An attempt to solve both problems was made, as 
described below, by using hydrothermal synthesis.  
3.1.4 Hydrothermal synthesis  
In this work, the term ‘hydrothermal’ is applied to synthesis of TlBr because equilibrium 
for the synthesis reaction given in Eq. 3 was achieved under hydrothermal conditions. In Fig. 
6, the solid reagents Tl2SO4 and NH4Br  were  mixed  inside  a  PTFE  vessel  in  a  clean  glove  
box. The mixture was digested under hydrothermal conditions in pure water. The reagent 
quantities were selected so that the product TlBr was totally dissolved under the equilibrium 
conditions of the reaction  
Tl2SO4 + 2NH4Br  2TlBr + (NH4)2SO4, at 150oC. (Eq. 3) 
The mixture was then slowly cooled to produce TlBr seed crystals inside the mother solution 
without amorphous phase formation so that impurity capturing by nucleation was minimised 
and only a co-precipitation of impurities and mother solution ions took place. After taking 
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solution and solid samples, Sm and S, the residual crystals were recrystallised in fresh pure 
water under similar conditions, and solution and solid samples, SRs and SR, were taken again.  
Elemental analysisI for  solid  samples  S  and  SR,  and  for  single  crystals,  which  were  
synthesised by the dry method and purified and grown with the melt technique,51 showed that 
the sample S, just after synthesis, had twice the impurities of the average melt grown sample. 
The sample SR recrystallised from S was two times more pure than the average melt sample 
and  only  two  times  less  pure  than  the  cleanest  melt  sample.  Thus,  the  relatively  simple  
operation of a hydrothermal synthesis with recrystallisation produces high quality material, 
which can be just as pure as the material purified and grown by melt methods.  
Synthesis and growth:  Solution sample: Sm 
Solid sample: S 
Recrystallisation:  
Solution sample: SRs 
Solid sample: SR 
Fig. 6 Hydrothermal synthesis and recrystallisation of TlBr, and samples taken for trace element analysis.I
Reagent’s quality: Tl2SO4 - 99.995% and NH4Br - 99.999% (CERAC). Abr.: HQ Water – high quality sub-
boiled water.  
3.2  Purification  
The TlBr material synthesised needs further purification before it is suitable for detectors. 
Samples treated by ‘dry’ or ‘wet’ methods contain considerable mass amounts of S, P, Na, Si 
and Ca,I the elements being typical for both techniques. In this thesis the purification is 
studied by re-crystallisation of the host material from vapour (recrystallisation by 
sublimation), or from the molten state (by freezing), or from solution. Each recrystallisation 
Tl2SO4
solid 
NH4Br
solid 
solution 
t = 175o C 
------------------- 
=> TlBr solid 
~800 mg, 20 C 
HQ Water 
~60 g 
solution 
t = 175o C 
---------------- 
=> TlBr solid 
~600 mg, 20 C 
HQ Water 
~60 g 
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method is characterised by its own medium and temperature range, therefore, the extent of 
separation of the same component by different methods will be distinct.  
3.2.1 Thermodynamics of separation and modelling  
From classical thermodynamics62 it follows that two phases (1 and 2) at equilibrium have 
equal chemical potentials, 	1 = 	2, for a given species. So  
	o1 + RT ln C1 = 	o2 + RT ln C2, (Eq. 4) 
where 	o is the standard chemical potential of the corresponding phase, depending on species, 
medium and temperature; and C is concentration of the species in mole per volume units, or 
its partial pressure in gas phase. Rearranging the equation gives  
C1 / C2 = exp[(	o2 - 	o1) / RT] = k(T),  (Eq. 5) 
where the coefficient k(T), known as distribution coefficient between two phases, depends on 
the standard conditions of given species and temperature. Thus, during the separation process 
at fixed temperature, impurity concentrations, C1 and C2, change in both phases so that one 
phase is depleted and the other is enriched with an impurity according to the constant ratio 
C1/C2.
For practical separation of impurities, the values of their distribution coefficients are 
needed in order to design a process in which the final solid will contain the impurities at 
acceptable levels. Experimental measurement of the ratio Csolid / Cliq. is complicated because 
of  the  difficulty  of  directly  measuring  Cliq. in the fluid, where diffusion and convection 
processes take place. And in a solid, the impurity is non-uniformly distributed along the ingot 
due to the collection or depletion process and, in addition, across the ingot due to radial 
gradients that exist at the crystallisation front. Therefore, modelling is the only method to 
estimate the distribution coefficient k. A ‘simple’ setup for sample growth and determination 
of k has been given by Pfann,68a where a series of Csolid values of impurities is determined by 
analysis of cross-section samples (thus, radial distribution is ignored). Then, k is deduced 
from the obtained Csolid and the original impurity concentration Co:
Csolid = Model(k, Co).  (Eq. 6) 
The measured value of k is affected by many factors. The impurity distribution depends on 
the rate of solidification,69 which at large values destroys the equilibrium between solid and 
liquid phases. In a fluid, diffusion and convective mixing result in an effective distribution 
coefficient keff, which is between the equilibrium value and unity.69, 70 The  theory  of  
contributions of fluid motion and diffusion to the distribution coefficient71 and further its 
examination in Ge by a radioactive isotope method have showed that the incorporation of 
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solute elements into the crystal depends critically upon the transport processes occurring in 
the melt.72 Thus, the value keff accounts mass transfer in the fluid, adsorption onto the surface 
of the growing solid and non-equilibrium action of the rate of solidification.73
The separation of two impurities with k values equal to 2 and 0.5 is modelled in Fig. 7 
(left). For the calculations, the total volume of liquid is divided into 50 zones. Solidification 
starts in the first zone, where impurities are rejected into the solid or into the second zone of 
liquid, according to their distribution coefficients. Then, components of the second zone are 
‘mixed’ with the residual part of the liquid in order to calculate new values of Cliq. For the 
next  cycle,  the  procedure  starts  again  in  the  second  zone  and  so  on.  As  a  result,  the  
components initially distributed uniformly in liquid are collected at the ends of an ingot, and 
the extent of the separation increases with the number of passes, as shown in Fig. 7 (right).  
Fig. 7. Distribution of two impurities along a solidified volume of an ingot grown from liquid. On the left, the 
model is after one pass for a distribution coefficient k = Csolid / Cliq. equal to 2.0 (open circles) and 0.5 (solid 
squares), full equilibrium between phases, initial concentration Co = 0.1, and number of solidification steps 
n=50. On the right, schematic of separation of impurities with a distribution coefficient k of less and more 
than one.  
The most common analytical form of the concentration of an impurity, Csolid, in a solid at 
the point where the mass fraction g of the fluid has solidified, is given by the Rayleigh 
equation73
Csolid = keff Co (1-g) keff(Pf / Ps)-1, (Eq. 7) 
where Co is the original impurity concentration in the fluid; and Pf and Ps are fluid and solid 
densities, respectively. The equation (Eq. 7) can be applied to crystallisation from solution, as 
well.73
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A single crystal growth can be used for purification, since the well-formed crystal is 
growing at equilibrium between solid-liquid phases, when keff is near the equilibrium value k. 
The single crystal is less contaminated by impurities than, for example, the powder crystals. 
This approach is widely used in Bridgman-Stockbarger51 and zone refinement techniques for 
purification of TlBr from the molten state.  
3.2.2 Recrystallisation from vapour  
Solidification from vapour phase is an effective method for refining materials.61 Dynamic 
distribution of impurities in condensed phase has been confirmed by fractional distillation of 
KCl.63 Although, recrystallisation from vapour phase is seldom mentioned in the literature as 
a purification method of Tl halides, many impurities stemmed from wet and dry methods of 
TlBr synthesis can be easily removed by this method (see Fig. 8A).  
A B
Fig. 8. Vapour pressures of selected halides and PbO based on Refs.38b, 44e A: Data for TlBr and the most typical 
impurities in thallium halides. B: Overlapping between vapour pressures of halides of the thallium and 
impurity elements, Zn, Mg, Cd, Bi, Pb and Cu.  
On the other hand, Tl halides have similar vapour pressure temperature curves, which 
overlap with that of ZnCl2 and CdI2, and partly with the other halides in Fig. 8B. Therefore, 
the separation of these halides from vapour phase is problematic. Also, the transfer of these 
halides through the vapour phase should be taken into account in horizontal processes with 
the molten state because of their relatively high vapour pressures at melting points of Tl 
halides.  
The method of recrystallisation from the vapour phase in combination with crystallisation 
from the molten state has been applied to purification of TlBr material.51 TlBr purified in this 
way was used as a raw material in this thesis and papers.I-VII
21
3.2.3 Recrystallisation from the molten state 
In purification methods based on recrystallisation from the molten state, the host material 
serves as liquid solvent in the molten state and as solute in the solid state. Compatibility of 
impurities with liquid and solid host is a factor for impurity distribution between phases. 
Therefore,  the  radii  of  impurity  ions  and  their  oxidation  states  play  a  role  in  separation  of  
impurities during recrystallisation from the melt. Possibly the first work and modelling on this 
topic was done in 1947, when rejection of K and Cu ions was studied during crystal growth of 
NaCl.64 In alkali halide crystals, the enthalpy of mixing and anion environment of the first 
coordination sphere were the primary parameters affecting the distribution coefficient of Cd2+,
which was calculated and measured (experimental data in parentheses) in NaF – 0.006 
(0.007), NaCl – 0.014 (0.017), NaBr – 0.10 (0.09) and NaI – 0.38 (ND).65
Data on distribution coefficients of different elements in Tl halides are limited. Average 
impurity distribution coefficients were found for TlCl and TlBr (in parenthesis) for the 
following elements: Cu – 0.009 (0.006), Ag – 0.004 (0.006), Pb – 0.04 (0.05), S (sulphate) - 
<1 (<1), O (Tl2O) - <1 (<1), Fe – <1 (ND), Cd - <1 (ND). It was mentioned that Tl2O moved 
to the end of an ingot less effectively than a sulphate impurity.52a Distribution of Li, Ca, Cr, 
Fe, Cu and Ba as impurities along a TlBr ingot purified by the zone refining technique was 
studied  using  ICP-MS in  the  work  of  Oliveira  et.  al.66 From that data, the authors deduced 
distribution coefficients for Li (0.161), Ba (0.284) and Cr (0.238).67
3.2.3.1  Bridgman-Stockbarger method  
In the Bridgman-Stockbarger method, the raw material is sealed into a quartz/glass 
ampoule with the appropriate inert atmosphere or vacuum. The seed crystal is located at the 
neck of the ampoule. A temperature stair with a gradient on the order of 10oC/cm or steeper is 
created inside the vertical oven and the material inside ampoule passes several times from the 
molten to the solid state, the seed being always in the cold part of the oven.74a
The Bridgman-Stockbarger method is often called ‘directed crystallisation’,51 when it is 
used for purification with higher rate of crystallisation than is needed for single crystal 
growth.  The  method  can  be  used  in  horizontal  setups  as  well.  However,  an  optimal  rate  of  
crystallisation for Tl halides was 3 mm/h (typical for single crystals) and the best purification 
was obtained in vertical mode, which the authors explained as being due to the difference in 
density between the melt and foreign particles.52a
The distribution of an impurity along the polycrystalline ingot for one pass is illustrated in 
Fig. 9A, where water is collected by the melt and, therefore, is moved by the crystallisation 
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front to the ingot’s end. It is notable that water-TlBr formation, with its characteristic IR band 
at 1627 cm-1, is removed more readily than the band at 1608 cm-1.
A B
Fig. 9. A: The dynamics of water removal along the length of a TlBr ingot. The arrow shows the direction of 
growth.53 B: (At top) transmittance spectrum (T) of a KRS-5 single crystal with the Tl2SO4 impurity (added 
concentration of SO4-2 is 10-3 mas.%). In the figure, n for a plot corresponds to n-th directed crystallisation. 
(At bottom) absorption spectrum ()  of  the  fibre  that  was  made  from  the  crystal  after  the  fourth  directed  
crystallisation.50
The authors53 explained this fact by association of the 1627 cm-1 band with polymeric 
water that is located at the crystal boundaries and between crystal grains. The band at 1608 
cm-1 has been assigned to single water molecules, which are located in the lattice matrix and 
are removed less effectively than polymeric water. The purification effect of four passes is 
demonstrated in Fig. 9B for sulphate removal. However, the fibre extruded from the final 
crystal has, once again, sulphate IR bands. This effect could be explained by the change in 
measuring path of the sample, from 60 mm for the crystal to 1 m for the fiber.50 Aging effects 
in Tl halide fibres56 can not be excluded, however.  
In general, a disadvantage of the Bridgman-Stockbarger method is that every new 
purification cycle requires reloading of the charge, cutting its ends enriched in impurities and 
melting of the residual middle part, as shown in Fig. 7, thus, averaging the result of the 
preceding purification over the total residual. The directed crystallisation technique51 was 
used for purification of TlBr material, which was characterised and further purified by the 
hydrothermal method and zone refinement in our laboratory (see below).  
3.2.3.2  Zone refinement  
The best theoretical and practical illustration of the zone refinement method has been 
given by Pfann.68 The technique is often named the travelling molten zone (TMZ)75 method. 
In contrast to the Bridgman technique in this method, only a part of the charge (zone) is 
melted and travels along the ampoule in a horizontal direction. The size of a zone is on the 
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order of 1 cm, which is much less than the total length and, therefore, equilibrium is very 
rapidly achieved between solid and liquid phases. Due to the small volume of the liquid, the 
separation (difference between Csolid and  Cfluid) is not as steep as in the Bridgman method. 
However, the highest purity can be achieved by multiple passes. Thus, from the purest 
commercially available germanium, Pfann produced material having less than 1 part of 
impurity per 1010 parts of Ge using only 6 passes.68b The method has vertical modifications68c
and the cutting of the ends after every run is not obligatory.  
In our laboratory, TlBr powder, ordinarily purified by the hydrothermal method, was 
degassed in vacuum at a temperature that was gradually increased to 300 oC, and under 
nitrogen flow up to 400 oC. Then the charge was loaded into a domestically made TMZ setup, 
as shown in Fig. 10. Optimisation of the rate of purification depends on the tube diameter and 
size of the molten zone. Typically, 5-7 passes of purification with the rate decreasing from 60 
to 20 mm/h was sufficient to collect brown Tl oxide at the end of the ingot.  
Fig. 10. TMZ set-up. The oven is driven by a motor M. The sample is in a crucible or quartz ampoule inside a 
quartz tube. A gas flow is controlled by MKS Instruments, Type 247D readout and Type 1179A controller. 
Oven’s temperature and position are controlled through the PC by the LabVeiw/Tecono software. Quartz tube 
length – 600 mm. Temperature is controlled between 100 and 800 oC.
In the horizontal TMZ setup, free volume is usually formed above the melt. Thus, the gas 
phase takes part in the solid-melt equilibrium. In addition, more volatile components transfer 
through the vapour phase from the melt to colder solids before and after the molten zone. 
MOven
Crucible 
Motor control PCHeating control 
Vacuum 
system 
Flow 
control 
(Purge) gas system 
Quartz tube 
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Therefore, the free volume affects the distribution coefficient and modifies the composition of 
the charge. This disadvantage of horizontal TMZ is sometimes used for doping of TlBr, for 
example with Br276 and I2,44a in order to modify the electrical characteristics and hardness of 
the TlBr crystal, respectively.  
3.2.4 Hydrothermal recrystallisation from solution 
Hydrothermal recrystallisation of TlBr material is based on the increase in its solubility 
with temperature (see Fig. 11A). This separation method is the most effective for impurities 
that are difficult to remove by recrystallisation from vapour or molten states, and which 
solubilities  are  rather  different  from  that  of  TlBr.  This  is  illustrated  in  Fig.  11B,  where  
solubilities of halides34a for elements, which separation is problematic by recrystallisation 
from vapour (see Fig. 8B) are compared. Only PbI2 and TlBr have similar solubility-
temperature  curves  (see  Fig.  8A).  As  a  result,  Pb  showed  a  separation  efficiency  ~1,  when  
other elements of this series had relatively good efficiencies.I
A B
Fig. 11. A: Solubility of TlBr and PbI2 in water at different temperatures based on Refs,38a, 38c, 34f, 52b Ref7a/b,100
and our data Ht, which were measured by the loss of nutrient weight after dissolution for 4 or more days. I - 
data for solubility below 100 oC. II - temperature range used for hydro-thermal re-crystallisation and crystal 
growth. III - high-temperature hydro-thermal range. Data of Ref7b were probably wrong retrieved from 
Ref.177, and should be corrected by factor of ~10 (compare with Cor7b).    B: Solubility of halides34a at 25oC
for elements in Fig. 8B. (Solubility of halides of Tl and Cu, and BiI3 are given at 20 oC.)
In this thesis, hydrothermal recrystallisation was carried out inside the reactor, so that TlBr 
(source) was dissolved in pure water at the hot part of the reactor, transferred through the 
reservoir to the cold part of the reactor, where it crystallised. During the transfer of TlBr, its 
impurities collected in solution. Recrystallised crystals gathered at the cold part of the reactor 
can be reloaded and recrystallised through the pure water again, and so on. Using this 
technique, two hydrothermal recrystallisation processes were studied for the purification of 
TlBr.I
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During the first  process shown in Fig.  6 a small  amount of TlBr was totally dissolved at  
hydrothermal  conditions.  Recrystallised  crystals  were  formed  by  cooling  of  the  solution.  In  
the second recrystallisation process a large amount of TlBr was transferred through the pure 
water due to the temperature gradient inside the reactor. The ratio of amounts of material in 
the second to the first process was ~10. Based on trace element analysis, the degree of 
purification obtained from the process was evaluated for separate element by the ratio of its 
concentrations before and after the process.I The efficiency of the overall process can be 
evaluated based on the ratio of the sums of concentrations of all elements. Evaluated in this 
way, the average purity of TlBr was improved by a factor of ~4 in the first process and by a 
factor of ~2 in the second process.  
3.2.5 Combination of purification methods 
The combination of purification methods allows acceleration of the refining process. For 
example, a sequence using distillation and solidification from melt has been used for 
purification of alkali halides63 and Tl halides.51 The efficiency of using a combination of 
different methods can be illustrated by Cl- and I- anions, which are hardly removed from TlBr 
during crystallisation, whether from the molten state or from vapour. Thallium halides have 
similar characters in molten and solid state, and easily form solid solutions with each other.44a
These compounds have similar vapour pressure temperature curves, and therefore their 
separation from vapour phase is also problematic (see Fig. 8B). On the other hand, solubilities 
of TlCl and TlI are one order of magnitude greater and one order of magnitude less, 
respectively, than that of TlBr (see Table 2 and Fig. 11B). Therefore, during the 
recrystallisation of TlBr from water solutions, TlCl dissolves and remains in the solution, and 
TlI stays undissolved.  
In this thesis, a combination of purification methods was applied to TlBr material, which 
was purified by 5-7 cycles of distillation and solidification from melt. Then, a single crystal 
was grown by the Bridgman method. This single crystal was hydrothermally recrystallised by 
dissolving it in pure water, then 5 purification runs were done using TMZ.  
This sequence of purification steps and further crystal growth supplied the crystal with the 
mobility-lifetime product (μ) estimated as 3.3x10-4 cm2/V (for electrons).77 This value was 
one order of magnitude better than the value 3x10-5 cm2 V-1, which was obtained by Olschner 
et. al.,6 for 200-300 passes of a molten zone. 
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3.3  Crystal growth 
Crystal growth is an attractive subject for many researchers. It is an art and a science,78 a 
laboratory practice79 and an industry technique.80 The growth can be done from solutions,81
liquids,82 melts,83 high-temperature solutions84 and in gels.85 One of the best classifications of 
crystal growth methods is based on the medium from which the growth is carried out.86 Thus, 
there are techniques for crystal growth from melt, vapour and solution.  
3.3.1 Crystal perfection  
Temperature has a primary effect on the quality of the growing crystal due to the entropy 
disordering factor S(->max):  
G(->min) = H(->min) – T S(->max).  (Eq. 8) 
The process of crystal structure formation (ordering) is characterised by the minimisation of 
enthalpy H and the minimum total gain in Gibbs free energy (G).87a Thus, ordering and 
disordering forces contribute to different extents to the process of crystallisation, resulting in 
the incorporation of point defects into the lattice:  
nmin = N exp(-Ed / kT),  (Eq. 9) 
where N is the total number of possible sites, Ed is  defect  formation  energy  and  nmin is 
minimum (or more) number of defects, the so-called perfection limit. The value nmin for TlBr 
plotted in Fig. 12 is about one order of magnitude higher for Schottky than for Frenkel point 
defects, although the latter should be corrected by the factor nis, where nis is the total number 
of interstitial positions.87a The probability of defect formation by the Frenkel mechanism is 
low at low temperatures because the Tl halides have ionic radius ratios of cation to anion 
(Rc/Ra) close to the stability limit value88 of 0.732 for CsCl-type structure: 0.878, 0.811 and 
0.723 for TlCl, TlBr and TlI, respectively. So the CsCl-type structure becomes stable for Tl 
iodide only at temperatures higher than 168 oC (see Table 2).  
During crystallisation at high temperatures a certain fraction of defects is frozen into the 
lattice due to the limitation of the diffusion rate.87a Thus,  the  plots  in  Fig.  12  determine  the  
thermodynamic limits of defect concentration according to the crystal growth temperature. 
For  example,  accordingly  to  the  Schottky  defect  values,  the  growth  from solution  at  100oC
and 200oC is 40 000 and 400 times, respectively, more preferable than growth from melt. 
However, no crystal growth method for TlBr approaches the perfection limit due to the 
properties of TlBr and techniques used.  
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Fig. 12 (left). Temperature dependence of defect concentration, the thermodynamic ‘perfection limit’,87a
calculated  for  one  mole  of  TlBr  using  values  for  defect  formation  energy  by  Schottky  (EdS) and Frenkel 
(EdF).89 (NA – Avogadro’s constant). 
Fig. 13 (right). A misty disk cut from an ingot of TlBr and annealed under hydrothermal conditions for ~40 days 
became separated by milky boundaries into four transparent blocks and one glassy piece DG. According to 
data from the X-ray rocking curve method, the blocks had different crystallographic orientations with respect 
to a cut surface: DA (110), DL – (210) and (211) reflection planes with deviations of 15.05 and –9.10,
respectively,  from the  disk  surface.  Crystalline  blocks  DR1 and DR2 were  not  identified,  possibly  due  to  a  
high deviation of reflection planes from the cut surface. The piece DG did not reveal any reflection planes in 
the range (100) – (220). 
3.3.2 Crystal growth from melt 
Melt growth techniques are very practical and widely used in industry. Among them, 
crystal pulling, the Bridgman method and zone melting are the most often used for crystal 
production.  
3.3.2.1  Crystal pulling 
The crystal pulling method is the most developed crystal growth method and it is easily 
controllable. A crystal pulled from the melt is the most pure and perfect, without any effect of 
the crucible walls.87b The Czochralsky method allows the growth of so-called ‘dislocation 
free’ crystals86 and is widely used to produce halide crystals for optical components and 
scintillators.87b The Kyropoulos method for crystal pulling is characterised by the large 
diameter that can be achieved, however, the method is less effective than the Czochralsky 
method and tends to produce crystals with relatively high dislocation densities.86
Unfortunately, pulling methods are not used for Tl halides because of their high vapour 
pressures (see Fig. 8) and toxity.  
3.3.2.2  Bridgman method 
The Bridgman method is widely used in laboratory practice and is the only method used 
for industrial growth of Tl halides. Purified halides are usually evacuated and sealed in a glass 
or quartz ampoule.52a Technical details of the method86 and specific features related to Tl 
DA DR1
DL DR2
DG
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halides51 are well described. The growth rate depends on the minimum crystal dimension L as 
1/ Ln, where n is between 1 and 2. For L~10 mm, rates are usually in the range of 1–10 mm/h, 
the values being larger for materials with higher thermal conductivity.86 Several 
disadvantages of the method, however, are summarised below.  
Many problems with the Bridgman method stem from the direct contact between the 
crystal and the crucible material.87b Adhesion and differences in thermal expansion 
coefficients produce stress in the growing crystal and initiate secondary grain nucleation on 
crucible walls,37 resulting in the formation of separate crystals inside the ingot,20 as shown in 
Fig. 13 for TlBr. Secondary nucleation and twinning can be minimised by the use of a 
horizontal method.86 However, the extraction of the grown crystal from the crucible may 
result in its cracking.87b
The second problem is connected with purity requirements. The crucible selected must be 
appropriate and not produce contamination.86 In the Bridgman method, impurity distribution 
is not uniform along the growing ingot (see in Fig. 7) and the problem is made worse by 
insufficient mixing in the molten zone.87b
The next problem is to obtain and maintain the desired temperature distribution. Thermal 
conductivity of the crucible should be less than that of the material grown.86 Temperature 
gradients before the crystallisation front are responsible for the radial non-uniformity of a 
crystal, twinning and seed formation. The temperature in the liquid in front of the crystallising 
face is often locally increased by about 60 degrees51 in order to improve solid-liquid 
equilibration by means of convectional mixing of the liquid. But this operation considerably 
increases the temperature gradient between solid-liquid phases, and creates laminar liquid 
flows that result in additional tensions in the cooling crystal. Defects, impurities and 
imperfections are more quickly frozen into the crystal lattice and number of defects in the 
lattice becomes further away from the perfection limit (Eq. 9).  
In Fig. 14, the single crystal of TlBr is grown without the formation of separate crystals 
shown in Fig. 13. However, the irregular distribution of temperature, cooling tensions in the 
crystal and tensions stemming from the walls of the crucible result in strain and non-
uniformity in the single crystal. Non-uniform zones can also be revealed by etching.III It 
should be noted that cutting and polishing effects are involved as well.  
In general, non-uniformity in the Bridgman method originates from temperature gradients 
during the crystallisation and from the walls of the crucible during cooling. Adhesion of the 
crystal to the crucible material creates additional problems with blocking and cracking of the 
ingot. Recent attempts to decrease the adhesion and improve the crystallisation front shape  
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A B
Fig. 14. TlBr wafer processing: an ingot is cut, the wafer is oriented and slices are made (A); a cross-sectional 
map of an ingot: slices are studied using the X-ray rocking curve method (B).  
improved crystal quality, but simultaneously deteriorated the purity by dissolving of crucible 
components.VII Although these disadvantages of the Bridgman method diminish the purity 
and quality of the crystals, currently this is the only method by which large diameter ingots of 
Tl halides can be produced. The purity and quality of the crystals grown by this method can 
be improved by annealingI, II and etching,III as described below.  
3.3.2.3  Zone melting  
The zone melting method, typically used for purification,68 is  exploited  for  a  crystal  
growth, as well. In the horizontal variant, the crystal experiences less influence from the 
crucible, since the top side of the charge is open and can release tension from the walls. In this 
case, however, the molten charge is in contact with the vapour phase, which is a particular 
disadvantage for Tl halides because of their high vapour pressure (~10 mbar) at melting 
temperature and volatile impurities (see Fig. 8B). A vertical variant of the zone melting 
method, the so-called floating zone method, might be used without a crucible or ampoule, but 
the method is difficult to realise technically. Its use for production of Si was mentioned in 
Ref.86 For TlBr, the zone melting method is mainly used in Brazil, but for purification only,66
and in Japan for both purification and crystal growth. Hitomi exploited the TMZ technique to 
grow  TlBr  crystals.  The  maximum  size  of  the  detector  he  fabricated  is  around  4x4x4  mm3
with a working area of 3.8x3.8 mm2.90
The rate of crystal growth is normally one order of magnitude less than the speed used for 
purification. In our experiments the crystal growth rate was 5-10 mm/h, in contrast to 20-60 
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mm/h used for purification. The maximum size of a detector fabricated in our laboratory was 
around 7x6x4 mm3 with an electrode diameter of 3 mm.77
The smaller diameter of ingots grown by TMZ in comparison with the Bridgman method 
is a current disadvantage for TMZ. However, application of the floating zone method and 
development of a narrow zone heater might improve the purity and crystal quality of the TlBr 
to the extent that the total cross section of an ingot would be available for detector fabrication. 
This is supported by recent successful fabrication of a 4-mm detector77, VI and possibility to 
grow the ingot of high quality (see Fig. 29A) that is lower than industrial Si only by factor 3 
(intensity: 34 vs 90 Kcnts; FWHM: 0.094 vs 0.034).178
3.3.3 Crystal growth from vapour 
In general, crystal growth from vapour is more easily treated theoretically than crystal 
growth from a condense phase, since vapour comes more quickly than a fluid into equilibrium 
with a solid and the role of intermolecular forces in gas phase is negligible.91 Crystals grown 
by this method should be free of effects from the crucible walls. For Tl halides, vapour 
growth is used for purification.61, 51 There are no reports in the literature of growth of Tl 
halide single crystals from gas phase, possibly due to the lower productivity of this method in 
comparison with crystal growth from the melt.  
However, the method is used for the production of Tl halide films. Kondo et al. have 
produced uniform amorphous TlBr101 and  TlCl92 films  condensed  from  gas  phase  on  a  
metallic surface at cryogenic temperature, and they observed a well-defined transformation to 
crystalline phase at low temperatures. These films are clear and, therefore, the effect of 
crystallisation on their optical absorption near the UV fundamental edge has been studied.93 In 
TlCl1-xBrx films, crystallisation is affected by chemical disorder, as shown by UV absorption 
measurements.94 A method for preparation of uniform amorphous films of mixed metal 
halides by means of two-source evaporation was recently described.95 The  thin  films  have  a  
thickness of 300-500 nm and could be utilised for UV and soft X-ray detection.  
In this work, condensation of TlBr vapour was studied on an Al surface heated to above 
room temperature. At temperatures below 150 oC, the crystalline films formed were uniform 
and transparent. If a sample was under a temperature gradient, the film had a thickness 
gradient that monotonically followed the temperature gradient of the substrate.  
At temperatures above 150 oC, metallic Tl drops formed on Al surface that was confirmed 
by microscope and XRD studies. The corresponding reaction could be written as follows:  
Al (metal) + 3 TlBr (g) = AlBr3 (g) + 3 Tl (dispersion)  (Eq. 10) 
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with G = -44.4 kcal at 150 oC.57 The G of this reaction becomes positive only at 
temperature above 900 oC, but the reaction below 150 oC is possibly inhibited by an Al oxide 
film on its surface. The G of the reaction between the Al oxide and TlBr, given as follows:  
Al2O3 + 6 TlBr(g) = 2 AlBr3(g) + 3 Tl2O, (Eq. 11) 
has reasonably positive values (184.6 kcal at 150 oC57). On the other hand, the reaction (Eq. 
10) is ‘accelerated’ by AlBr3, which easily escapes from the reaction zone because of its high 
vapour pressure, which is about 40 mm of Hg at 150 oC.38b
TlBr films grown from vapour on an Al surface are no thicker than ~500 nm. Prolonged 
growth results in the formation of an opaque polycrystalline layer on the Al surface. In 
general, the deposition of TlBr from the gas phase onto various metals is a useful technique 
for making TlBr (film) – metal interfaces.  
3.3.4 Growth from solution  
Solution growth techniques are attractive because of the low ‘perfection limit’ (see Fig. 
12) and ‘freedom’ of the growth (compare with effects of crucible walls in the Bridgman 
method, Fig. 13 and Fig. 14B). Based on temperature and pressure used, the solution growth 
methods are conventionally divided into the low-temperature, hydrothermal and high- 
temperature methods. The first two are used in this work and discussed below. The high 
temperature method is sometimes called ‘flux growth’, because high temperature melts of 
salts are used as solvents. There are a few Tl halide – nitrate systems,96 where the solubility of 
the halides is comparable to that in water. Liquid-phase epitaxy and electrolysis are typical 
solution methods.86 Liquid-phase epitaxy has not been used for TlBr, whereas the formation 
of TlBr adlayers was observed and studied on Au, Ag and Pt electrodes.97, 98, 99 Growth from 
gel can also be a promising method, since Tl iodide crystals with a size of ~1 mm grown by 
this method have been reported.85
A subsystem for classification of solution growth methods is often based on the method 
for achieving supersaturation of the solution: cooling, temperature gradient and solvent 
evaporation. The last technique is not suitable for Tl halides, since they are sparingly 
dissolved in water at room temperature, and therefore the productivity of this method is low.  
Solubility is a necessary attribute for crystal growth by a solution method. The solubility 
of TlBr in water increases considerably with temperature: it is only 0.05% at 20 C, 0.5% at 
~94 oC and it is already about 5 % at 250 oC. The plot of solubility in Fig. 11A is divided in 
three parts: a low-temperature area below 100 C (I) and a hydrothermal area with stable (II) 
and unstable (III) crystal growth of TlBr.  
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3.3.4.1  Low-temperature methods  
In this work, the cooling method below 100 C has only been used successfully for 
making small TlBr crystals, which were utilised as seeds in crystal growth by other methods. 
This is because a change of temperature, for example, from 80 oC to 30 oC,  gives  a  total  
difference in solubility on the order of only 0.25%. Further growth using repetition of the 
cooling method produced twins, striations and new seeds joined with old ones.  
A   B 
Fig. 15. A: Nutrients (1) on the glass filter (2) are dissolved and saturated solution rises to the top (3) of column 
II, which is at a temperature higher than that of column I. In column I the solution becomes supersaturated 
and crystals grow on the glass rods (4) attached to the floats (5). An excess of super-saturation is released on 
the formation of seeds (6) that fall down to the bottom of column II. B: A long column is heated by the outer 
shell. Nutrients on the bottom of the column are dissolved and saturated solution rises to the top, where it 
becomes supersaturated (T2 > T1). Crystals grow on the plates fixed to the column along its length. 
The setups used in this work for crystal growth by the temperature gradient method are 
shown in Fig.  15.  The first  setup (A),  with two glass columns, operates at  a relatively small  
difference in temperatures between the columns, since a larger difference causes extensive 
formation of seeds that join to growing crystals. Over 1-2 months this technique produced a 
few crystals of about 0.5 mm in size. The crystals were clear and without striations.  
The  second setup  allows  an  increase  in  the  temperature,  its  gradient  and,  as  a  result,  an  
increase in productivity of the process and convection flow of the solution. Several crystals 
were grown by this technique with a size of ~0.8 mm. Since the seeds in this method are 
firmly attached to the plates, they all have striations. The resistivity of the clearest crystal 
(0.4x0.4x0.4 mm3) was ~1.5x1011 ohmcm at room temperature at ± 60 V. The detector made 
T1
T2
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from this crystal by Bruker Baltic (Latvia) can resolve all necessary spectral lines, however its 
spectral characteristics are unstable.  
3.3.4.2  Hydrothermal growth  
The hydrothermal method allows water, high temperature and pressure to produce effects 
that are not attainable under ambient condition. The Earth itself is a huge high pressure and 
high temperature vessel,102 in which diamonds, quartz and other crystalline minerals are 
synthesised and grown. A comprehensive review on the hydrothermal formation of silicates 
was published already in 1913.103 Complete information on pressure-volume-temperature 
relations in water was given by Kennedy104 in 1950. In this work, hydrothermal bombs were 
used in order to increase the solubility of TlBr above 100 oC. Maximum values of pressure 
and temperature were limited by the properties of the used bomb to ~ 25 bars and 225 oC at a 
bomb filling of ~60%.  
Cooling and temperature gradient methods were used for achieving supersaturation of the 
solution. The seeds were placed on the levels above the solution, and after dissolving the 
nutrient and approaching the equilibrium state (for ~4-6 days) the bomb was inverted from 
top to bottom. Alternatively, overheating and cooling to the required temperature were used 
for seed formation. As shown in Fig. 11A, the optimal temperature range for crystal formation 
and growth was zone II, which is between 100 – 190 oC, since at higher temperatures the 
crystals grew easily with rounded shapes and faces, resembling more closely clear icicles than 
well  shaped  crystals.  Also,  the  crystal  quality  of  the  ‘icicles’  was  too  low  to  create  x-ray  
diffraction reflections. All crystals grown by the temperature gradient method had a large 
number of striations, like crystals grown at the low temperatures in Fig. 15B. Therefore, the 
method was used for recrystallisation (purification) purposes.  
Crystals of better quality were grown from solution during prolonged crystal growth by 
the hydrothermal cooling method. In a typical example, saturated solution at 200 C was 
slowly cooled to 180 oC, in order to form seeds and achieve supersaturation. Then prolonged 
cooling to 140 oC was done over the course of 40 days. At these conditions the concentration 
of TlBr changed from 2.3% to 1.1%, and the crystals grew to ~1 mm size and more. 
Unfortunately, the repetition of this technique gave striations on the crystals, or crystals that 
were joined, or crystals that looked like stairways. One of the crystals grown by this method 
(3x3x0.4 mm3) had a resistivity of ~1.5x1011 ohmcm  at  room  temperature  at  +70  V.  The  
detector made by Bruker Baltic from this crystal was able to count gamma-ray photons, but 
not to resolve, all spectral lines.  
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3.4  Annealing 
Single crystals of TlBr grown from the molten state by the Bridgman method (chapter 
3.3.2.2) are strained basically due to the effects of the crucible walls and the cooling regime. 
The applied stress easily generates dislocations in the cooling crystal. The motion of 
dislocation in shear (like the motion of a vacancy) is the movement of a corresponding line of 
atoms for only one interatomic distance or less. Thus, the stress required to move a 
dislocation is several orders of magnitude smaller than the stress required to shear one entire 
plane of atoms simultaneously over another in a perfect crystal.105 The different dislocations 
accumulated during cold work create stress fields that interact strongly and lock the 
dislocations into metastable configurations. The crystal becomes harder, and externally 
applied stress should be sufficient to make dislocations move through the opposing stress 
fields of other dislocations.105 The crystal has gained extra free energy from the work done on 
it. Metastable configurations undergo spontaneous changes to reduce the extra free energy, 
which is reflected, for example, in strain aging.106
Besides hardening, other properties, such as resistivity and rate of dissolution, are changed 
in worked material.107 The broadening of X-ray diffraction lines in strained material has long 
been the only method for the study of worked material and its annealing on the micro-scale 
level. Annealing removes strains, improves the quality of the crystal and restores the 
properties of the material.106 Annealing has a clearing effect on opaque crystals, shown for 
TlBr in Fig. 13, where the hidden block structure of an ingot becomes visible. In this thesis, 
effects of hydrothermal as well as various other annealing conditions on TlBr properties were 
studied in papers I – III.  
3.4.1 Types of annealing  
Annealing is known from ancient times and is widely associated with a heat treatment of a 
worked material in order to make it softer. In general, the process consists of heating the 
material to a definite temperature, keeping it at this temperature for the required time and 
cooling at a controlled rate. Sometimes annealing includes a thermo-treatment with the use of 
additional mechanical action. The result of the process is evaluated by measuring the 
materials or by observation under a microscope. During the last hundred years, development 
of X-ray diffraction methods has allowed the detection of fine effects of annealing and, thus, 
insights into its mechanism.106 As  a  result,  an  understanding  of  the  mechanisms  of  the  
annealing process became possible on the microscopic level. The action of annealing depends 
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on applied stress and the temperature regime. Both these factors can be used to differentiate 
the following types of annealing processes.106
Recrystallisation, or primary recrystallisation, is a process in which new crystals grow 
from nuclei and replace the strained ones. The orientations of these new crystals are 
independent of the strained crystals. Therefore, the growth is incoherent and results in the 
advance of large-angle boundaries separating the new crystals from their surroundings.106
When the growing crystals have consumed all the strained material, they continue to grow 
by consuming each other; this process is called grain growth. In specimens that have already 
undergone primary recrystallisation after severe cold working, secondary recrystallisation
takes place at a higher temperature. During this recrystallisation a few grains grow 
abnormally rapidly and become many times larger than the average grain.106
Thus, recrystallisation is associated with large-angle boundaries and, in general, is 
observed to take place in a temperature range of 50 – 80 % of the melting temperature (Tmelt
K) of the material.108 For example, for TlBr (Tmelt = 733 K), this interval corresponds to 94 – 
313 oC. In highly stressed KRS-5 material (Tmelt = 683 K) made by extrusion to fibres, grain 
growth occurs with annealing above 50 oC,47 which corresponds to 47% of T melt.
Worked crystals can be repaired by the recovery process, preserving the orientation of the 
crystal without its recrystallisation. The structure of the material, the annealing temperature 
and the deformation type have primary effects on the recovery procedure. In cubic metals, 
recovery usually only partly removes the work hardening, while hexagonal metal crystals 
deformed in tension by basal slip can recover their original softness completely and do not 
recrystallised.106 In general, recovery takes place at lower temperatures than recrystallisation. 
Since point defects (vacancies) are more mobile than dislocations, their role is more important 
at lower temperatures.107 At higher temperature, appreciable diffusion occurs and allows the 
dislocations to move into a configuration of lower energy. Several dislocations will come 
together and annihilate one another or combine to form a single dislocation.105 The energy per 
dislocation in a grain boundary is less than for isolated dislocations, therefore, the excess free 
energy of grain boundaries should be a driving force for crystallisation.86
The mechanism of dislocation movement and its elimination is explained by so-called the 
strain-induced boundary migration. The boundary, present initially in a lightly worked grain, 
migrates and causes the volume of material swept by it to become a strain-free continuation of 
the grain from which the boundary originated. The orientation of a strained crystal varies 
from point  to  point  and  so  the  strain-free  additions  which  grow at  different  places  along  its  
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boundary have slightly different orientations from one another. As a result, when they join 
together small-angle boundaries are formed between them.106
Because various crystal imperfections affect to a different extent the properties of 
materials, the recovery of different properties with temperature occurs to different degrees and 
non-simultaneously. Non-completeness of a recovery is often reflected in its definition as the 
process  of  decreasing  the  amount  and  changing  the  distribution  of  point  defects  and  
dislocations.107 In general, the recovery process is characterised by small-angle boundaries 
and lower temperatures than recrystallisation.106 Therefore for TlBr, the recovery process can 
be observed at room temperature.  
The process of polygonisation was first studied on bent single crystals of Zn, Al, Mg and 
NaCl. This process is characterised by small-angle grain boundaries and takes place in bent 
crystals at temperatures well above that at which the material softens. A bent crystal contains 
the excess edge dislocations of one sign106 that are more or less uniformly distributed on 
parallel slip planes. In the process of annealing, dislocations on different slip lines line up one 
above the other and form a small-angle grain boundary. The energy per dislocation is reduced 
when the dislocations are so arranged.105
Polygonisation has features similar to recrystallisation in terms of the temperature, at 
which  it  can  occur,  and  it  is  similar  to  the  recovery  process  in  the  terms  of  the  small-angle  
grain boundaries. However, polygonisation takes place only in bent crystals. In Tl halide 
ingots grown by the Bridgman method, there are several points on the cylindrical surface 
which are stuck to the walls of the crucible. The contraction forces create bent fields in 3D-
space during ingot cooling. Thus, polygonisation can take place throughout the annealing of 
Tl halide crystals.  
3.4.2 Processes associated with annealing 
The variety of annealing processes based on applying mechanical stress and heat 
separately is enlarged by their combination, and/or by changing the environmental conditions 
(gas medium or solution), or by operation of external forces (for example, electric fields).  
3.4.2.1  Strain-anneal method  
A modification of the recrystallisation method as a strain-anneal method is used for so-
called solid-phase crystal growth (compare with strain-induced boundary migration, above) 
The idea behind the method is to make the re-growth occurs inside the bulk of the material 
during annealing so that the inner single crystal experiences minimum contamination from 
crucible material and/or a reactive atmosphere. The material is heated to about half the 
37
absolute melting temperature, where it is not brittle. Then, the material is subjected to strain 
on the order of 1 - 10%. Annealing is carried out in a temperature range of 50 – 95 % of T melt,
a temperature gradient across the sample being considered an advantage. The rates of growth 
are usually fast: 5 - 50 mm/h can be expected. The driving force for the process is the excess 
free energy attributed to dislocations or clusters of dislocations and grain boundaries.86
3.4.2.2  Annealing of amorphous materials  
A solid in an amorphous (glassy) state has a higher free energy than in the form of a single 
crystal. Solid-phase crystal growth is the crystallisation of glassy material that can be 
accelerated by heating. The amorphous material is obtained, for example, from melt with a 
high temperature gradient by rapid quenching. The method used for production of films is 
known as solid-phase epitaxy. In films, selective crystallisation can be induced. Due to the 
amorphous starting state, the highest doping densities can be achieved by this method.86
In Tl halides, crystallisation from an amorphous state in films occurs at low temperatures. 
The amorphous phase is obtained on the substrate, which is kept at the temperature of liquid 
nitrogen or oxygen. During heating, the crystallisation observed by optical absorption 
spectroscopy takes place in a narrow temperature interval, near 95 K for TlBr,101 99  K  for  
TlCl,92 120 K for TlI93 and 138 K (maximum) for a mixture of TlCl (60 %) and TlBr (40%).94
According to an electron diffraction study both, a normal structure of CsCl-type and abnormal 
structure of NaCl-type (rocksalt), were observed in TlBr and TlCl during heating. However, 
the abnormal structure disappeared well before room temperature was reached.109
3.4.2.3  Effects of impurities  
During annealing, impurities are attracted to the region of tension around a dislocation and 
migrate to it, because distortion around the dislocation is reduced if host atoms stressed by 
dislocation are replaced by corresponding (larger or smaller) impurity atoms. The rate of the 
process is limited by diffusion and consistent with the Cottrell’s time law of strain aging in 
the stress field.105 Therefore, addition of impurities is often used in order to stop strain-
induced boundary migrations during annealing and stabilise the material and avoid grain 
creeping during aging. On the other hand, grain growth can be expected if impurities are 
removed.86
Thus, during annealing, the impurities, dislocations and boundaries migrate outside the 
crystal, which become more perfect and clean inside. This effect has been described in 
plastically deformed crystals105, 106 and, independently, in optical materials44c (see chapter 
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2.2.3). In TlBr, the crystal perfection effect of annealing has been shown in paper I, and the 
clearance of crystal blocks is illustrated in Fig. 13.  
If a DC voltage is applied, electro-annealing, as solid-state electrolysis, removes 
impurities. Heating is applied to raise the sample temperature to 55-90 % of the absolute 
melting temperature. To be effective, solid-state electrolysis should involve large current 
densities (several amperes or even hundreds of amperes per square centimetre). The removal 
of impurities stimulates grain growth, rates of which can approach 3 – 50 mm/h.86 The 
electro-annealing method seems to be effective for purity and crystal quality improvement of 
TlBr. However already at temperatures comparable with room temperature, the diffusion of 
own ions of TlBr becomes remarkable, and in a TlBr detector, the process produces agingV
and polarisation2, 40 effects, which are considered in chapter 4.5.6.  
3.4.3 Annealing of single crystals of TlBr 
In this thesis, annealing of single crystals of TlBr was studied in papers I-III and annealed 
crystals were used in IV-VII. The annealing process was limited to a temperature of 200 oC in 
vacuum and 300 oC under a protected atmosphere because some volatility of material was 
observed at higher temperatures. In pure water, annealing was restricted to 225 oC  by  the  
configuration of the hydrothermal system used. The lowest temperature of annealing was 
higher than 100 oC (51% of  T melt). Thus, thermal treatments took place in that temperature 
range where during the recovery process the recrystallisation was also possible.  
The annealing effects were evaluated using the X-ray rocking curve method, IR 
transmittance and I-V measurements,  and  under  polarised  light.  The  effect  of  an  Ar  
atmosphere and hydrothermal conditions on crystal quality was studied on the series of slices 
produced from the same ingot,II as shown in Fig. 14. Typically, annealing results in a decrease 
of  FWHM  of  an  X-ray  reflection  peak  and  elimination  of  the  satellite  peak  that  can  be  
associated  with  deformation  of  the  crystal  (see  Fig.  16a).  Perfection  of  the  crystal  quality  
improves the electrical, optical and X-ray detection properties.II Annealing makes TlBr 
samples more transparent (see Fig. 13). Optically isotropic cubic TlBr crystals become 
anisotropic when under stress,113c therefore, removal of boundaries and non-uniformities can 
be observed directly under polarised light (see Fig. 17). Evaluation of annealing effects 
between different samples and types of annealing processes can be done using an improving 
factor of annealing, which is calculated as a ratio of FWHM before annealing to FWHM after 
annealing. In Fig. 16b, accordingly to the improving factors, annealing at higher temperature 
seems to be more effective for improving quality.  
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However, at higher temperatures the recrystallisation becomes more probable when 
material is stressed and contains impurities. Impurities are subtracted by the lattice and, being 
collected at boundaries, terminate the boundary’s movement during the annealing (see chapter 
3.4.2.3). For example, after annealing at 300 oC the TlBr samples, which contained impurities 
of Ca, Si and Cl, the rocking curves were resolved into several sharp overlapping peaks, IR 
absorption became abnormally large, and kaleidoscopic spots under polarised light were 
enlarged, but did not vanish.VII Thus, the annealing regime has to be optimised for every new 
series of samples.  
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Fig. 16. Annealing effects on X-ray rocking curves of TlBr crystals. (a) Hydrothermal annealing in pure water 
for 5 days at 150 oC (represented by red curve) results in a decrease of FWHM of a broaden (111)-reflection 
and  elimination  of  the  satellite  peak  (black  curve).  (b)  FWHM  improving  factors  of  annealing  under  Ar  
atmosphere (99,9999%, 1 bar, 200 oC – open black circles), or under hydrothermal conditions in pure water at 
150 oC (closed blue squares) and 225 oC (closed red triangles).  
 a  b  c 
Fig. 17. Polarisation microscope images of machine polished sample. A non-annealed sample is intensely 
coloured and kaleidoscopic as indicated in semi-dark (a) and bright (b) positions during rotation under 
polarised light. The sample annealed at 200 oC is uniformly coloured without kaleidoscopic effects.  
The sample actively interacts with the environment through the surface, so that doping of 
the material as well as its properties can be changed during annealing. For example, an iodine 
atmosphere increases the hardness of TlBr,44a and annealing under Br2 changes the 
stoichiometry under the surface and, as a result, the electrical characteristics of the TlBr 
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crystal.76 Annealing in pure water was more effective than annealing under Ar atmosphere,II
since an impurity can move into solution due to the difference between its chemical potential 
in TlBr and in water. The removal of impurities through the sample surface was confirmed by 
IR reflection spectra.I This advantage of hydrothermal treatment over thermal annealing was 
often used for preparation of clean surfaces of the single crystal during annealing.  
In  general,  annealing  of  TlBr  contains  the  features  of  the  recovery  and  recrystallisation  
processes, the latter being accelerated by high temperature and presence of strains and 
impurities. Recovery annealing decreases the strain and number of boundaries in the crystal 
and makes it more uniform and pure. Since these factors drastically affect the carrier transport 
characteristics of a crystal,20 the proper annealing of a strained crystal can make it suitable for 
use in a radiation counter.1
4 TlBr detector fabrication 
TlBr detector fabrication includes cutting the ingot into slices, polishing and etching, 
deposition of electrodes and packing of the detector into a safe case with a preamplifier and 
cooler. Crystal quality and electrical parameters of slices are controlled during the fabrication 
process. The operations are often followed by annealing. The detector fabrication was done in 
collaboration  with  GIREDMET  (Russia),  Bruker  Baltic  (Latvia)  and  Oxford  Instruments  
Analytical Oy (Finland).  
4.1  Slice preparation 
The cutting and polishing operations during slice preparation damage the soft sample.114
Different mechanical and chemical treatments of the TlBr wafer have been shown115 to affect 
its performance as a radiation detector. Therefore, in this work, polishing and etching were 
carried out after cut operations in order to remove damaged material, and then an annealing 
was applied in order to eliminate strains introduced by the mechanical work.I-III The  crystal  
and surface quality were tested by the X-ray rocking curve method, optical and SEM 
microscopy, and under polarised light. The effects of polishing and etching on the properties 
of TlBr single crystals were studied in paper III.  
TlBr is extremely soft material (Knoop hardness of 12 kg/mm2 – about the same hardness 
as refrigerated butter2) and the cutting operation deeply damages the TlBr crystal.III This 
problem is known for many soft materials, and different cut methods, including chemical 
methods,  have  been  tested  to  try  to  solve  the  problem.  One  example  is  tellurium,  which  is  
harder than thallium bromide by factor ~4 (Mohs value of Te is 2.3, which corresponds to ~50 
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on  the  Knoop  scale38d).  Abrasive  wheel,  wire  and  airjet,  and  cleavage  and  spark  discharge  
methods have all been tested for tellurium.114 The first three methods produce considerable 
smearing of the diffraction spots in Laue back-reflection X-ray photographs. Cleavage causes 
much less structural damage, but this method can only be used for cleavage planes, which are 
not present in TlBr.116 Spark cutting does not create noticeable structural damage, but the 
resulting surface is grooved and unsuitable for optical or electrical studies.114 TlBr crystals are 
cut with a diamond saw,66 razor blade75 or wire saw,117 which damages the surface layer to a 
minimal depth.118
Polishing is used in order to remove damaged material after cutting, to clean the surface of 
contamination and to flatten the surface. Since TlBr is a viscous, sticky material, during a 
mechanical treatment the slices are glued to a special hard substrate in order to avoid 
deformation,118 and alumina abrasives are used for lapping and polishing.117, 119 TlBr under 
moving abrasive resembles a viscous liquid. When the material is polished, areas of 
compression and expansion are formed in front of and behind the moving abrasive grain, 
respectively. TlBr particles, which are produced by polishing, stick to each other and to some 
grains. As a result, channels (see Fig. 17) and waves (see Fig. 18a) are formed on the surface 
of a crystal. Deep tracks and damaged areas that are most typical for machine polishingIII can 
be avoid ed by manual polishing,6 which was used in this work.  
4.2  Chemical cutting and polishing  
The process of making the TlBr slices with an abrasive results in deep structural damage 
to a depth of ~1.7 mm.III This destruction cannot completely be removed by heat treatment. 
Therefore, chemical procedures for cutting and polishing that have been developed for soft 
Te114 were applied for TlBr. During a ‘solvent cutting procedure’, a horizontal thread 
impregnated  with  solvent  was  passed  over  the  surface  of  the  sample.  Water,  sulphuric  acid,  
and a mixture of hydrogen bromide acid with hydrogen peroxide were used as solvents. 
Water, a weak solvent, was non-effective. Acids were aggressive to the thread, which was 
quickly torn.  
For chemical polishing, a flat glass plate was placed in a Petri dish and covered with 
appropriate solvent.  The sample was then moved continuously over the surface of the glass,  
the suede, cloth or filter paper. Pure water, ethanol solutions and a mixture of HBr with H2O2
were used as polishing solvents. This technique produced smooth surfaces without crowning 
and, in comparison to the mechanical treatment with abrasive materials, decreased the FWHM 
and increased the intensity of X-ray rocking curves by factors of ~6 and ~7, respectively.III
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In general, slicing of TlBr using a solvent saw is currently limited by lack of a suitable 
thread and solvent. The solvents used are aggressive and their combination with TlBr is toxic. 
Chemical polishing procedures permit to avoid mechanical damage to the material and, in this 
work, these operations were used as a final phase after mechanical polishing.  
4.3  Etching  
Due to interaction of the sample with environment during annealing, the etching figures 
appear on the surface, revealing the dislocation lines, pits, surface imperfections and non-
uniform areas.III Etching is used to remove contamination, by-products of the polishing and 
damaged parts of the crystal.66, 117, 119, III The dissolving activity of the solution determines the 
etching  result.  At  high  dissolving  rates,  parts  of  the  surface  that  stand  out  in  relief  are  
dissolved more quickly than smooth and concave areas (smooth etching).  As  a  result,  the  
coarse surface becomes smooth and with appropriate reagents mirror-like faces can even be 
produced. Smooth etching is useful for finalising the slicing process before electrode 
deposition. In contrast, at law dissolving rates, parts of the material under different stresses or 
with different imperfections and deviations from stoichiometry are dissolved at different rates 
(relief etching). As a result, on the smooth surface the relief areas appear, if the sample is non-
uniform.  
Among the smooth etching agents, hot saturated nitric and sulphuric acids dissolve the Tl 
halides,52b the  process  being  difficult  to  control.  The  oxidation  process  of  Tl+ to  Tl3+ with 
bromine is more easily managed. Bromine methanol solutions are often used during detector 
fabrication,117, 119 since they produce smooth surfaces.66 Another recipe is a freshly prepared 
mixture  of  HBr  and  H2O2 (5:1),  which  takes  away  the  residual  abrasive,  removes  the  TlBr  
powder and smoothly dissolves as a damaged as well non-disturbed bulk layers. Chemical 
polishing and etching with this solution applied to a TlBr single crystal which has already 
been treated with abrasive materials increased the intensity of X-ray rocking curves by a 
factor of ~100.III
Decreasing temperature and/or dilution of the smooth etching solution slow down its 
activity and convert the process to relief one. The same effect is observed when a limited 
amount of etching solution is used (‘hungry etching’ shown in Fig. 18a). Also, less active 
solvents can be used for relief etching. Hot water and water-alcohol solutions readily dissolve 
TlBr.  For example,  sinking the crystal  of TlBr into boiling water for several  seconds causes 
the blocks and separate crystals to become visible in reflected light. In hydrothermal 
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annealing, the slightly dissolving conditions produce on the sample surface characteristic 
etching zones, channels and pits, as shown in Fig. 19.  
Imperfections result also in higher volatility of areas adjacent to the imperfection. At 
moderate rates of sublimation, a pseudo-equilibrium exists between vapour and the sample, 
and the more damaged and imperfect areas of the material sublimate faster. This selective 
sublimation, called thermal etching, reveals the grain structure120 and results in some quite 
characteristic figures being produced on the different crystallographic planes.114, 121
The symmetry of each etch figure appearing in a crystal face should conform to the 
symmetry elements of the point group normal to that crystal face. Furthermore, the relations 
between  the  shapes  and  positions  of  etch  figures  on  the  various  faces  of  a  crystal  should  
conform to the symmetry relations of these faces.122 The  shapes  and  orientations  of  the  
etching pits might be used as hints to the internal symmetry.123 The correct determination of 
the point group symmetry to which a crystal belongs can be often made if etch figures are 
carefully interpreted.124 Several etching solvents at different concentrations should be used, as 
a single solvent may produce misleading effects. For the same reason, solvent molecules 
having only axial symmetry must be avoided.123
 a  b 
Fig. 18. (a) A worked TlBr crystal after smooth etching was additionally etched in ~0.5 ml of a mixture of HBr 
and H2O2 (hungry etching). (b) Then, thermal etching was carried out at 300 oC in N2.
The final form of the pits has been explained by the difference in growth/dissolving 
velocities between the faces with various hkl indices.122 This approach, based on descriptions 
of end forms of a crystal after dissolving,81 does not provide a reason for the higher activity in 
the sample area (cluster) around the lattice imperfection. For example, when the crystal is 
etched by solvent, the cluster is dissolved slowly, the edges of the pits being sharp (Fig. 19B); 
in thermal etching, the cluster explosively sublimates and the edges of the pits are broken.III
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Additional information about forms and symmetry of etching pits has been summarised by 
Buckley.81
 A  B 
Fig. 19. Hydrothermal etching of the (111)-plane of TlBr: the formation of a channel (A) from a line of three-
fold pitsIII (B).  
A real view of the pit depends on the orientation of a crystallographic plane relatively to 
the sample surface, which cuts the cluster. Visual distortion also increases at higher indices of 
a cluster's face. As pits are formed at the sites of imperfections on the etched surface, the 
density of pits characterises the crystal quality.114 The distribution of pits reveals a number of 
details about the nature of defect allocation,125 so that the lines of etch pits are formed at the 
sites where dislocations meet the surface (see Fig. 18b).  
In general, etching is used to remove surface contamination and damaged layers of the 
crystal. Relief etching of different planes of a crystal results in discovery of non-uniform 
areas and quite characteristic etch figures, whose shape, density and distribution over the 
surface can supply information about the quality of the crystal and the nature of 
imperfections. In this work, hydrothermal and thermal etching procedures were additionally 
used for identification of non-uniform areas of TlBr single crystals and characterisation of the 
symmetry of the etching pits.III
4.4  Crystal orientation  
The drift velocity of carriers depends upon the orientation of the electric field relative to 
the crystal lattice.32 Therefore, the slicing process requires a precise orientation of cut-off 
surfaces with respect to crystallographic axes of a single crystal. For the orientation of large 
ingots, mathematical approaches and machining techniques have been developed in the 
semiconductor industry.87c In research laboratories, several simple methods can be used for 
rapid orientation of a crystal before its cutting.  
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Since the rates of dissolution in non-equivalent directions are not the same, the dissolution
method can  be  used  for  determination  of  the  symmetry  of  the  crystal  and  its  orientation.122
The  method  applied  to  a  TlBr  crystal  shows  development  of  the  edge  and  faces  of  a  cubic  
structure from the cylindrical form of the ingot (see Fig. 20). The second way by which 
dissolution of a crystal provides symmetry information is the etch figures considered in 
chapter 4.3. The axes and faces of the pits correspond to those of a crystal and, thus, the 
crystal can be properly oriented for slicing.  
Fig.  20  The  effect  of  the  dissolution  method  on  a  TlBr  ingot:  the  development  of  a  cubic  shape  from  the  
cylindrical ingot during dissolution under hydrothermal conditions in pure water for ~5 days.  
Although many properties of cubic Tl halides are isotropic, the plastic properties and 
character of destruction depend on the crystallographic orientation of the crystal. In KRS-5 
during compression of the crystal in the [100]-direction, the slip takes place along the (110)-
planes.44f This anisotropic property of deformation is utilised for identification of the 
crystallographic plane on the surface of the crystal by the so-called punch-pattern method. In 
this method, the surface of a crystal is lightly pricked with a needle that produces the ‘star’ 
figures, which are specific for each crystallographic plane. The figures have been tabulated as 
patterns126 that can be used for rough (5-10o) orientation of a crystal.  
Correct setting of the required crystallographic plane may be done using the X-ray rocking 
curve method that is described in chapter 5.3. A problem often arises from the large volume of 
the ingot that can not be freely positioned inside the diffractometer's compartment. In this 
case, dissolving or punch methods can be used for rough crystal orientation and making the 
wafers. The final slicing is done using precise determination of the orientation by the rocking 
curve method.  
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4.5  Electrode deposition  
Properties of electrical contacts have a primary role in the performance of semiconductor 
gamma radiation detectors.127 Metallisation of a dielectric TlBr material with different metals 
has specific features.IV Polarisation and degradation effects during prolonged detector 
biasingV and ageing processes128, 129, 130 take place on electrodes. The processes associated 
with electrodes and their deposition are summarised below.  
4.5.1 Electrode choice and design 
The actual detector application determines the electrode materials. The detector can be 
equipped with ohmic or blocking (Schottky) contacts. The metal-semiconductor interface 
properties depend on the metal's work function, the semiconductor’s band gap, and the type 
and concentration of major carrier. The barrier height between ionic compounds and metals 
was found to be directly proportional to the electro-negativity of the corresponding metal that 
would be used for the detector’s design.131
By application of blocking contacts to a crystal with relatively high trapping, the leakage 
current can be decreased, which significantly improves the energy resolution of the device.24
However, the depletion layer for such a device is on the order of a few hundred microns, so 
the device can not operate well for gamma rays, whose penetration into the detector is 
considerably deeper than this layer. Moreover, in blocking contact devices, there is practically 
no de-trapping mechanism for freeing charges within the forbidden band.127
For operation with gamma rays and, particularly, for hard gamma rays, ohmic contacts 
applied to high resistivity materials are an alternative to blocking contacts. The resistivity can 
be increased by application of materials with a higher bandgap and/or by the use of high-
quality materials, i.e. materials with a high μ (mobility-lifetime product) for both electrons 
and holes. In addition, p-type detectors have a higher resistivity than n-type detectors, due to 
the higher mobility of electrons than holes. In a p-detector with ohmic contacts, the holes 
freely enter and exit the bulk through the contacts, thus the leakage current is less noisy and 
the detector has higher resolution.127
In general, different electrode materials can be routinely used for making either ohmic or 
blocking contacts with either p- or n-type detectors. The final choice is based on the given 
application and existing equipment, so that for proper detector operation, different contact 
materials should be used for the positive and negative bias.127 There is a thorough summary of 
contact resistance and Schottky barriers that can be used for detector design.132
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4.5.2 Types of deposition  
The way in which the electrode can be deposited depends on the nature of the electrode 
material. In general, chemical, physical vapour, metallurgical and glue methods of deposition 
are used for the metallisation of semiconductors. In the chemical method, a metal layer is 
formed on the substrate as a result of a chemical reaction. By this method, noble metals may 
be deposited as a thin film. For example, gold deposited on a TlBr slice from a chloroauric 
acid forms a 100–200 Å thick film.118 The method is easily combined with chemical 
purification and etching of the surface, so that metal is directly deposited on the clean surface, 
the interaction with ambient atmosphere being excluded. However, the thinness of gold films 
obtained by this method has caused technological problems for wirebonding,118 and 
application of the method to Tl halides is not much studied and has mostly been ignored by 
researchers.  
Physical vapour deposition methods are the most common techniques used for making 
electrodes.  Many  metals  form  smooth  metal  films  with  a  thickness  of  about  0.5  	m  by  the  
vacuum deposition method.116 However, for gamma-ray applications, thinner metal layers are 
needed and, therefore, sputtering and electron beam (EB) deposition methods could be 
preferable for production of 10-100 nm thick films in a highly controllable manner. On the 
TlBr substrate, 20-50 nm Al, Cr, Ni, Pd and Ti can be easily deposited using an EB 
evaporator. The films are smooth and stable.IV, V
The metallurgical depositing methods can be applied with metals that have a melting point 
below that of TlBr, which is 460 oC. Actually, the limit is about 300 oC, above which the 
vapour pressure of TlBr has to be taken into account. The method has been used for making 
point  contacts  from  In  and  Sn.IV The resulting films were thick but reliable. With an 
appropriate temperature and annealing time, a compound intermediate between the molten 
metal and the TlBr crystal surface can be formed (see chapter 4.5.5).  
A glue method of electrode painting is convenient for rapidly producing contacts in cases 
where only an evaluation of crystal quality is of interest. The method is based on the gluing 
and protective properties of a third substance, which makes the mechanical contacts between 
the TlBr crystal and metallic particles spread inside glue. Several commercially available 
epoxy, polymer and paste mixtures with Al, Ag and graphite particles were used in this work. 
Additionally, conducting glue can be used for the protection of a deposited electrode118 and 
fixation of a mechanical contact between an electrode and wire (wirebonding).  
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4.5.3 Surface quality 
The metal-TlBr interface is formed due to adhesion, diffusion of metal and substrate, or 
formation of an intermediate compound.IV Formation of contacts strictly depends on the 
surface purity of the substrate and its crystal quality. For example, pre-treatment procedures 
before deposition typically included etching (chapter 4.3), washing with HBr and ethanol, and 
degassing under a vacuum of 5x10-6 - 5x10-7 mbar for 3 h or more.IV,  V In case of impurities 
and incomplete degassing, TlBr interfaces with Fe and Ni quickly became black. In EB 
deposition, where a high vacuum is required, the use of metals with good gettering ability, 
such as Ti and Cr, gave smooth and bright layers.IV
Good crystal quality of the surface is important for adhesion and stability of the deposited 
layer. A cleavage method routinely used for preparation of clean and non-damaged crystal 
faces produces coarse torn surfaces in the case of Tl halides, even below room temperature.116
For the study of adhesion and stability of metal electrodes, clean surfaces were produced by 
cut-off a layer less than 0.1 mm thick from a crystal directly under depositing metal vapour in 
a vacuum chamber.116, 129 However, this operation could deeply damage the crystal, although 
it might improve adhesionIII and should provide good ohmic contact due to high 
recombination rates.132 But the damage also produces a net of deep splits that prevents the use 
of thin electrodes. Also, an electrode on damaged material and damaged material itself are 
less stable at ambient conditions.128, 129, 130
Thus, in the case of ohmic contacts a compromise between the extent of damage, stability 
and electrical requirements should be found. On the other hand, for the blocking electrodes 
the highest crystal quality is needed. In any case, the best surface purity and required crystal 
quality after mechanical treatments can be achieved by the use of chemical polishing and 
etching (chapter 4.2 and 4.3, respectively) and then by careful degassing.  
4.5.4 Metal – Tl halide interactions
The adhesive interaction at the film-substrate interface can be mechanical, physical or 
chemical, accordingly to the nature of the binding forces. In mechanical joining, fluid material 
fills  the  trenches,  holes  or  pores  of  a  coarse  substrate  surface.  After  fluid  solidification,  the  
interface becomes mechanically anchored. The fluid and substrate work as a ‘key and lock’. 
When the interaction is physical, the adhesion (physiosorption) is realised by dispersive van 
der Waals forces between molecules with closed electronic shells. In addition, the formation 
of  charges  across  the  film/substrate  interface  and  diffusion  process  can  take  part  in  the  
49
physical interaction. In chemical interactions (chemisorption), primary covalent, ionic and 
metallic bonds contribute to adhesion.133
“Pure” mechanical, chemical and physical bindings are rarely achieved. For example, in a 
mechanical interaction, if the fluid material is a metal, a physical adhesion often takes place; 
if the fluid is glue, chemical bonding can occur, as well. Physical adsorption forces between 
metals and alkali-halides are usually weak, since ionic compounds have closed electronic 
shells.  However,  in  the  case  of  thallium  (I)  halides,  the  free  inert  electron  pair  of  thallium  
tends to take part in covalent bonding (see chapter 2.1) and therefore, chemisorption 
phenomena contribute to physiosorption of different metals on a Tl halide surface.116a
A physical interaction is often observed between interface surfaces even in the case where 
chemical bonding is expected. In this case, chemisorption might be activated by the post-
deposition annealing that is often used for improving interface quality. Since the melting point 
of Tl halides is around 450 oC (see  Table  2),  physical  adhesion  is  expected  with  refractory  
metals.IV For example, gold metal, which is also resistant to ambient conditions, is widely 
used as an electrode for TlBr detectors.39, 134 
Physical diffusion, accelerated by temperature and aging time, promotes the penetration of 
atoms of one material into another. The interface is spread out by inter-diffusion into the third 
dimension, and the boundary gets smeared. This type of film-substrate junction is known as a 
diffusion interface.133 Due to the different inter-diffusion rates of atoms the interface shifts,135
which is known as the Kirkendall effect.133 In a chemical interaction, diffusion creates an 
intermediate compound layer or multilayer structure. The structure, being a separate phase 
under stress between the film and substrate, is often brittle.133
In turn, the nature of interface bonding is difficult to analyse because of the mixed 
character of the interactions involved, effects of temperature and aging. Moreover, approaches 
involving the nature of bonding are difficult to test because of the lack of a broadly applicable 
method for quantitatively measuring adhesion.133 Element depth profiling might schematically 
supply information about the type of interaction across the metal–substrate interface.IV
Several profiling techniques are available at this time. Starting from the work of Ziegler et 
al.,136 neutron depth profiling (NDP) has been commonly used for characterising light element 
distribution near the surface. The Rutherford Back Scattering (RBS) method has been used for 
the determination of depth distributions of heavy elements in lighter compound 
semiconductors.137 Dynamic  Secondary  Ion  Mass  Spectroscopy (Dynamic  SIMS)  is  capable  
of profiling all elements58b and has been used for analysis of KRS-5.56
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4.5.5 Metal – Tl halide interface stability  
The study of the effect of adhesion on film quality, durability, and environmental stability 
has more pragmatic meaning than academic approaches based on the atomic binding 
energy.133 Adhesion strength, intermolecular interactions, stability and ambient induced 
processes have been studied for different metal films on various halide crystals.116, 129 In Tl 
halide interfaces, adhesion strength has been shown to depend on van der Waals interactions, 
chemisorption forces being added to this interaction when the free energy (G) of the metal–
Tl halide interface is positive.116b Unfortunately, crystal imperfections and surface 
contamination and defects have not permitted correlations between theory and experiment to 
be made.  
The adhesion stability of metal films on a Tl halide crystal has been shown to correlate 
with the difference between the normal oxidation potentials of Tl and the electrode metal (M), 
E(Tl, M).129a, 138 In Table 4, metals are classified into three groups according to values of 
E(Tl, M). In the first group, E(Tl, M) is reasonably positive and metals react with halides 
during deposition just in vacuum. In the second group, E(Tl, M) is around zero and 
interfaces are stable. Metals of third group have negative E(Tl, M) values, but their 
interfaces, although stable in vacuum, are unstable at ambient conditions.129a
Instability in first group originates from direct chemical reactions between the metal (M) 
and TlBr (Eq. 12) when the corresponding free energy G is negative:  
M + nTlBr = MBrn + nTl (Eq. 12) 
The  reaction  with  Mg  and  Mn,  which  standard  Go is negative, takes place already during 
deposition. An ~500-nm thick layer of Al made by an electrically heated evaporator on the 
hot  TlBr  crystal  (small  positive  Go) peels off just after deposition.116 However, a 40-nm 
thick layer obtained by EB deposition on a TlBr substrate cooled to approximately room 
temperature is stable.IV Al-TlBr interfaces, which are prepared by TlBr vapour deposition on 
Al-foil at temperatures below 150 oC (see chapter 3.3.3), are also stable. TlBr thin films stick 
strongly to substrate and stay attached for several years. When the temperature of the 
substrate is above 150 oC, Al actively reacts with TlBr (see Eq.10). Thus, in case of the Al-
TlBr interface, a variation in the process parameters (temperature, vacuum and layer 
thickness) gives different results: well-formed films with good adhesion or films that peel off, 
or a chemical reaction and total interface decomposition. In this work, both a TlBr film on Al 
substrate and an Al film on a TlBr crystal were stable, if they were obtained by EB deposition 
on the substrates at temperatures below 100 oC.  
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Metals of second group (shown in Table 4 in grey) have normal potentials around the Tl 
potential and a positive Go for reactions corresponding to Eq. 12. Therefore, the reactions 
are  thermodynamically  unfavourable,  and  M-TlBr  interfaces  are  stable.  These  tendencies  
increase in the third group, where Go is more positive and E(Tl, M) becomes more 
negative129a towards the end of Table 4. However, there are several possible reasons for 
interface instability under atmospheric conditions.  
Firstly, there is the aging of the separate interface components, TlBr and metal itself, 
which are exposed to ambient conditions. The aging of TlBr gives the hydrogen and carbon 
oxide compounds described in chapter 3.1. Corrosion of the electrode metals Fe, Tl, Ni and 
Cu takes place under atmosphere conditions, thus the use of these metals is limited. Secondly, 
in so-called ambient induced reactions,129 the electrode material of the third group participates 
in the interaction between atmospheric components and TlBr as a catalyst and/or forms 
intermediate compounds. The reaction products can include Cl, S and C from the 
atmosphere.130
In addition to the metals studied in Ref.,116, 129 Ga, Tl and Hg are appended to Table 4 as 
metals able in the fused state to make contact with solid TlBr, and Pd and Pt are appended as 
alternatives to gold. In the deposition of metals in the molten state on a TlBr single crystal, 
indium and tin interfaces are stable. Thallium quickly forms a brittle intermediate layer.IV Pd-
TlBr interfaces,77 as  well  as  those  with  Ni  and  Fe,IV are  stable  under  ambient  conditions  if  
they are made and stored under clean and dry conditions.  
In semiconductor devices, the intermediate layer is unique because it may provide a 
reliable and reproducible Schottky barrier.131 In order to form intermediate compounds, In, Tl 
and Sn in the molten state at a temperature of ~310 oC were examined on the surface of TlBr 
single crystals.IV Indium easily develops an intermediate layer. The device shown in Fig. 21 
after deposition of the opposite electrode at a lower temperature demonstrated rectifier 
properties. Thallium in the molten state forms on the surface of TlBr a dark-brown layer more 
readily than indium. However, all attempts to make a good contact by the melting method 
failed, because the layer was brittle. The prolonged annealing at 300 oC initiated TlBr 
evaporation and formation of a thick mixed Tl-TlBr compound with an extremely coarse 
surface.  Molten  tin  forms  good  contacts  with  a  TlBr  crystal  without  formation  of  an  
intermediate layer. Therefore, low and high temperature contacts were similar and no rectifier 
effects were found in this case. Possibly a higher temperature is needed for Sn-TlBr 
intermediate compound formation, but this could stimulate TlBr evaporation.IV
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a  b  c 
Fig. 21. Indium.-TlBr-Indium interfaces. Schematic view (a), Indium on the bottom side after annealing at 310oC
(b). Indium-drop on the top-side of TlBr (c).  
 a  b  c 
Fig. 22. Channel tree formation inside a sample under a prolonged electric field: focusing on the top (a), middle 
(b) and bottom (c) of the sample. Electric field of ~2 kV/cm, Ag-paste electrodes (magnification: 10x10, 
bright field.  
In general, the interaction between a metal and substrate produces interfaces in which 
bonding of the surfaces occurs by mechanical, physical, chemisorption or diffusion 
mechanisms. A temperature increase can change the mechanism of primary bonding from one 
to another. Deposition at elevated temperatures and post-annealing used to improve adhesion 
and enforce diffusion can also initiate chemical reactions. If volatile products are formed, the 
film peels off. The metal-thallium exchange reaction Eq. 12 destroys the interface. A special 
case of chemical interaction is formation of an intermediate layer as a third phase between an 
electrode and substrate.  
4.5.6 Electro aging of the metal-TlBr interface  
The metal-TlBr interface becomes less stable under applied voltage. TlBr-based X-ray 
detectors tend to be short-lived. Time dependence of the electrical parameters of radiation 
detectors has been termed detector polarisation.2, 40 The phenomenon is expressed as a steady 
drift of the peak position during the measurement of pulse–height spectra.40 Suppressing 
polarisation phenomena improves detector performance in TlBr detectors.141 The degradation 
of the metal-TlBr interface under prolonged biasing or ‘electro aging’V has been studied by 
TlBr
In
In
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electrical,111 photoelectrical,110, 145 XRD, SEM and EDSV methods. The polarisation problem 
may be considered on the following levels.  
Firstly, a TlBr crystal, as dielectric material surrounded by electrodes, is a capacitor. 
Under applied voltage its plates collect negative and positive charges from the external 
circuit.146 In a TlBr crystal, as in a semiconductor, the field induced inside it moves the holes 
and  electrons  towards  the  corresponding  electrodes.  An excess  of  electrons  and  holes  at  the  
electrodes creates a field which is opposite to the applied one, i.e. electrode polarisation, 
caused by the electrons and holes.  
Secondly, degradation of the TlBr ionic crystal has been proposed to be caused by ionic 
current.110 The corresponding activation energies determined from the pressure and 
temperature dependencies of the ionic conductivities112 and from the temperature and 
frequency dependencies of resistance111 are equal to 0.785 eV and 0.8 eV, respectively. The 
ionic current becomes noticeable at temperatures higher than 250 oK.111 This temperature 
limit can possibly be increased for more pure TlBr, since impurities increase reasonably the 
level of conduction curves of alkali, silver and thallium halides.17 Under applied voltage, Tl+
and Br- ions are accumulated at the cathode and the anode in TlBr detectors, respectively,141
and decrease the electric field inside the detector, i.e. create electrode polarisation caused by 
ions.  
The contribution of cations and anions to conductivity is expressed in terms of transport 
numbers148 (or transference number in electrochemistry149). Positive ions are found to account 
for  most,  but  not  all,  of  the  conductivity  of  the  alkali  halides.  The  transport  numbers  are  
functions of temperature, and the role of negative ions increases with temperature. On the 
other hand, the positive ion transport numbers for silver halides are very close to 1.0 at room 
temperature and also at higher temperatures.148 In thallium halides, the dominant charge 
carrier is believed to be the anion at temperatures of 350-700 K.112, 150, 151 For pure TlBr, the 
anion transport number at 527 oK is 0.9 with the relatively great error (0.1) being due to the 
unfavourable mechanical properties of TlBr.152 At the same time, during prolonged electro-
biasing at temperatures below 330 oK, the total electric charge passing through the Al-TlBr-
Tl-Al metal-insulator-metal system corresponds to the amount of Tl layer, which has been 
explained by the electro diffusion of the Tl+ ion as the primary carrier.111 Therefore, it is quite 
rational  to  suggest  that  the  role  of  cations  and  anions  in  TlBr  changes  with  temperature  as  
their mobility and transport numbers are different in different temperature regions. As a result, 
gram-equivalent concentrations of the movable ions in the vicinity of a cathode and anode are, 
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like in liquid electrolytes, not equal.149 Thus, ionic polarisation of negative and positive 
electrodes is not equal, either.  
Thirdly, the passage of the ionic current through the crystal is followed by electrochemical 
reactions with ion discharging. The Tl+ cation takes an electron from external circuit through 
the cathode, giving a cation vacancy. The metallic thallium produced is collected at the 
cathode metal. Additionally, the anion vacancy of Br- has been suggested to capture the 
cathode electron141 which is, in fact, an electron trap. At the anode the Br- ion can discharge 
giving bromine gas and an anion vacancy; also, the anode metal M can “be dissolved”, 
producing an Mz+ cation  in  the  Tl+ ion position (annihilation of cation vacancy) or in an 
interstitial location. Additionally, it is reasonable to suggest that the electron captured by the 
anion vacancy can be freed into the external circuit through the anode.  
The device could be a reversible charge accumulator, but if gaseous Br2 is  formed,  the  
anode peels off the crystal. Hopefully, discharge reactions take place with different potentials. 
For  example,  in  aqueous  solutions  the  reduction  reaction  for  thallium  Tl+ +  e- = Tl, has a 
potential of -0.336 V, and for bromine the reaction Br2 + 2e- = 2Br- has a potential of + 1.0873 
V.34g For this reason, bromine evolution is less probable and some kind of reversibility can be 
observed. If the applied voltage is switched off, the device works as a charged accumulator 
and an opposite current is registered for several days due to the reverse process, for example, 
Tl -> Tl+ +  e-. In experiments on detector degradation, 46% of initial detector performance 
was recovered one hour after switching off the detector bias and removing the X-ray source.40
Thus, the third type of electrode polarisation is caused, in fact, by electrochemical reactions.  
Fourthly, passage of the current through the detector stimulates third party reactions. For 
example, a titanium cathode in a pair with metallic Tl formed during Tl+ discharging is 
intensively oxidised.V The  corrosion  of  Ti  makes  the  degradation  of  the  Ti  cathode  
irreversible. Next, bromine, as a product of electrolysis, can form a compound with the anode 
metal, see for example Ref.141 This precipitate decreases the contact area and, as a result, 
electrode performance. Material quality is very significant for electro aging. In Fig. 22, the 
chemical reaction starting at the crystal face penetrates into the bulk of the material probably 
along crystal block boundaries and imperfections in the direction of the applied electric field. 
The  process  path  appears  as  a  system  of  channels  at  different  depths  in  the  crystal.110 The 
process is possibly similar to so-called electro-migration in semiconductors.132 When a more 
perfect sample is employed, no indication of any burning effects are observed in TlBr even at 
higher electric fields.IV Thus,  the  formation  of  third  party  compounds  at  the  metal-TlBr  
interface and inside the crystal cause irreversible degradation of the detector.  
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It is desirable to make devices equipped with electrodes that are free of chemical 
polarisation and electrode degradation. Inert electrodes such as Au and Pd are often used in 
order to avoid degradation reactions. However, the formation of gold bromine complexes at 
the anode was suggested by Hitomi.141 In order to avoid polarisation associated with the 
passage of ionic current, Tl-electrodes have been used. The device in steady state collects the 
metallic  Tl  on  the  Tl  cathode,  when  Tl+-ions enter from the Tl anode into the bulk and 
discharge at the opposite Tl cathode.141 The Tl electrode, in turn, is covered by Al111 or Au141
in order to protect it from oxidation. A reported Au-Tl-TlBr-Tl-Au device was free of 
significant polarisation phenomena for ~30 h, although the resolution was lower than for a 
less stable Au-TlBr-Au device.141
In order to suppress polarisation phenomena and Tl deposition on the cathode, Hitomi153
changed alternatively the DC voltage. However, ionic current is similar to a hidden leakage 
current, which decreases the device resolution.37, 127 Moreover, the devices are not protected 
against the anodic reaction  
Br- + Tl(anode) = TlBr(powder) + e,  (Eq. 13) 
according to which the TlBr powder formed will destroy the Tl-anode – TlBr (single crystal) 
interface. Another approach to this problem is to increase crystal hardness by doping crystals 
with ingredients that can lock dislocations and vacancies in place. However, such an attempt 
with In+ and Pb2+ led  to  degradation  of  the  electrical,  optical  and  detector  properties  of  
TlBr.154 The  use  of  the  purest  TlBr  with  the  highest  crystal  quality  and  a  lowering  of  the  
temperature of the device to below the level of noticeable ionic current seems to be the only 
solution to suppressing the polarisation effects associated with the ionic current and to make 
the gamma-ray detector more durable.  
5 Characterisation methods 
Several instrumental methods were used for optimisation of the single crystal 
manufacturing and detector fabrication. For evaluation and characterisation of the material 
properties, the following methods were most effective: imaging techniques using a light 
polarisation microscope and a Field emission scanning electron microscopy (FE-SEM); 
optical spectroscopy including ultraviolet and visible (UV-Vis) and Fourier transform infrared 
spectroscopy (FTIR); X-ray diffraction methods (XRD) including powder, rocking curve and 
single crystal diffraction techniques; electrical characterisation involving voltage-current (I-
V), photocurrent, current-time, capacitance and electro-aging measurements; elemental 
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analysis with high-resolution inductively coupled plasma mass spectrometry (HR-ICPMS) 
and energy-dispersive X-ray analysis (EDS).  
5.1  Microscope imaging techniques  
Imaging techniques are powerful tools for visualising the details of an object. Due to 
focusing systems and the penetration ability of radiation, depth information is represented in 
images, as well. Topological contrast is achieved by shadowing using different modes of 
illumination/irradiation (incident angle) singly or in combination.155a
For routinely obtaining relief views of samples, LEITZ WETZLAR (Germany) and Nikon 
INSTRULAB (Japan) light microscopes were used with lateral illumination.I-VII A 
preliminary evaluation of the crystal quality was carried out using the polarisation microscope 
LOMO MPS-2U4.2 (USSR)II-IV, VI and OLYMPUS SYSTEM MICROSCOPE BX51 shipped 
with an OLYMPUS Digital  SLR Camera E-500.VII The last device was used for preparation 
of the photos in this monograph. The surface morphology was examined in more detail with 
an electron microscope Hitachi S-4800 FE-SEM.III, V, VII
5.1.1 Light polarisation microscopy  
In a cubic system, to which TlBr is assigned based on its CsCl-type lattice, the refractive 
index is the same along all directions of propagation.113a The high order of symmetry of cubic 
crystals results in cancellation of the directional effect of neighbouring dipoles, just as does 
the random arrangement in a liquid.113b However, solid isotropic media, when strained, 
acquire to some extent the optical properties of anisotropic crystals.113c If the sample is placed 
on a microscope stage between fully crossed polarisers and displays one or more colours, it 
has  more  than  one  refractive  index.  If  the  colours  are  spotty,  the  sample  has  some  kind  of  
strain birefringence or/and internal block disorientation. For anisotropic materials, stage 
rotation may show pleochroism, a change in the colour of the spots that is seen as bright 
flashes from separate areas of a crystal during rotation.155b
Strained Tl halides are coloured under polarised light, and this property has been used for 
determining the effects of annealing on strain in KRS-5.1 A direct correlation made between 
strain fields and birefringence produced under a polarising microscope47 has established the 
stress-optical effect, n = q, where n is the change in refractive index, q is the stress-optic 
coefficient and  is the residual stress.46 In  this  work,  observations  of  TlBr  under  polarised  
light were used to determine the non-uniformities in samples during the total device process, 
as in the case of the abrasive treatment shown in Fig. 17, in which the morphological details, 
such trenches from polishing and their relative size, can be further evaluated.  
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5.1.2 Field emission scanning electron microscopy (FE-SEM)  
The image in FE-SEM is produced by secondary electrons, which originate from the 
several  upper  tens  of  nanometres  of  the  material  under  study.  Due  to  the  properties  of  
electrons, not only crystal topology can be studied, but defects, magnetic domains, resistance 
and electrically charged regions can be revealed as well. The resolution in an FE-SEM image 
can  be  as  low  as  1  nm.  FE-SEM  images  better  represent  the  3D-space  (topology)  of  a  
specimen than optical images.156a The efficiency of topological contrast depends on the angle 
between the striking beam and the surface. If the instrument contains an energy dispersive X-
ray spectrometer, the mapping of elements can be carried out. This additional information, 
covering a sample depth from several nanometres to the micrometer range, depends on the 
primary beam energy and particular physical process providing the contrast.155a Thus, FE-
SEM has many advantages for uniformity analysis in semiconductors.  
 a  b  c 
 d  e  f 
 g  h  i 
Fig. 23. SEM images of TlBr waste-material formed during the hydrothermal growth: (a) glassy TlBr material 
and (b) a broken crystal with rounded corner (c). (d) is another view of crystal (b) with a hole magnified in 
(e). View of the surface inside (f) and outside (g) the hole (e). Further magnification of (g): dark spots (h) 
surrounded by ‘white’ balls (i).  
Conventionally, there are two types of images in the SEM: secondary electron (SE) and 
backscattered electron (BSE) images. The SE is scattered by an inelastic mechanism at 
energies less than ~ 50 eV. The elastic scattering is responsible for the production of BSE at 
59
energies greater than 50 eV and comparable to the energy of the primary beam. The 
probability of backscattering grows with atomic number Z, thus increasing the brightness of 
the BSE image.155c
 a  b  c 
 d  e
 f  g  h 
Fig. 24. SEM images of crystals grown by the hydrothermal method in solution supersaturated with Tl bromide 
and iodide. A ‘yellow’ crystal (a) and one corner magnified (b) and (c). A ‘green’ crystal (d) and its edge 
magnified (e). Another ‘green’ crystal (f) and magnification of a skeleton corner (g) and (h). 
The  origin  of  elastic  (for  BSE156b)  and  inelastic  (for  SE156c)  scattering  allows  the  
separation of emitted electrons based on the energy155c or the angle distribution. Practically, it 
can be done with a detector that treats both signals, or with a detector that is selective for one 
of the signals.156d The proper combination of two SE detectors located at the side of the 
sample and above it produces images with good contrast and a deep depth of information. 
This method was used to study the effects of polishing and etching on TlBr single crystals,III
degradation of the TlBr crystal and Ti electrode under prolonged bias voltageV and 
discovering the foreign phases inside the sample.III, VII
Several illustrations of the combination of two SE detectors are given in Fig. 23, Fig. 24 
and Fig. 25. In Fig. 23, glassy material and broken crystal are examined. These by-products 
were formed between dissolving and growth zones inside a bomb during hydrothermal crystal 
growth. Yellow crystals, which are normal for TlBr, and green ones are formed in solution 
supersaturated with Tl bromide and iodide. The crystals are examined in Fig. 24. Another 
example in Fig. 25 is TlI grown by the hydrothermal cooling method. TlI is rhombic at room 
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temperature and cubic above 168 oC.11a The  process  started  at  a  temperature  of  180  oC
produces amorphous products, triangle plates (a)-(e), and dendrite and broken crystals (f) that 
are similar to the TlBr broken crystals in Fig. 23b.  
 a  b  c 
 d  e  f 
Fig. 25. SEM images of TlI crystals synthesised and grown under hydrothermal conditions. A triangle plate 
crystal (a) with a manually broken edge (b) and its own edge (c), shown magnified in images (d) and (e). 
Dendrite and broken crystals (f).  
The samples in SEM examination have to be vacuum compatible and either conducting or 
coated with a thin conducting layer.155a TlBr  single  crystals  studied  in  this  work  with  SEM 
were mostly conducting, although more pure samples, being more resistant, would probably 
require conducting coating.  
5.2  Optical spectral methods 
Optical spectra provide information about the short and long wavelength limits of 
transmittance, absorption, and optical losses, which are associated with composition, 
impurities, crystal defects and imperfections, as well surface quality. TlBr is a transparent 
material over a wide optical range: 440 nm (~22730 cm-1) – 48 μm (~208 cm-1). The UV and 
IR limits of transmittance are determined by the electronic structure of TlBr and vibrations of 
the crystal lattice, respectively.44d The  exact  limits  of  UV157 and far IR44c transmittance are 
sensitive to impurities and structural defects in the crystal, as has also been confirmed for 
TlBr.158, 159
The transparency of a material over a transmittance region depends on the size of 
particles, imperfections and non-uniform areas inside the material. When the size of these 
objects is comparable to the wavelength of light, elastic scattering takes place. For particles 
smaller than the wavelength of the incident light, it is known as Rayleigh scattering.160 The 
more general Mie approach161 treats all possible ratios of particle diameter to wavelength. The 
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result of scattering is directly observed in a baseline of optical spectra as deviations from 
100% of transmittance. Since polishing of the surface can be controlled to within several 
nanometres,  the  effect  of  surface  roughness  is  larger  in  UV-Vis  than  in  IR  spectra.  This  is  
particularly valid for TlBr materials, whose softness does not permit to produce crystal faces 
of high quality, and therefore, transmittance of TlBr samples in the visible region is 
decreased. In Fig. 26, the effect of transmittance reduction is much greater for Vis than for IR 
spectra. The transmittance UV-edges of the samples match each other, since the crystals have 
been cut from the same part of an ingot. However, their base line levels vary considerably due 
to low surface quality, as also indicated by the Vis-reflectance spectra.  
Fig. 26. Transmittance (T, thick lines) and reflectance (R, thin lines) UV-Vis spectra (left) and IR transmittance 
base line (right) of TlBr crystalline samples of series Lis27.  
In this thesis, the quality of the TlBr samples was examined by UV-Vis transmittance and 
reflectance spectra recorded using a HITACHI U-2000 Spectrophotometer.VII Transmittance 
and impurity control in the IR range was done by measuring spectra with a Perkin Elmer 
Spectrum One spectrometer equipped with a Universal ATR Diamond/ZnSe unitI and Perkin 
Elmer FT-IR system Spectrum GX.VII
5.2.1 FTIR spectra  
A second phenomenon affecting transparency is absorption due to impurities built into the 
lattice. When the impurity is a molecule or anion, it has absorption bands that are specific to 
that group, which can be easily determined by the IR spectroscopy.162 Transmittance spectra 
are used for quantitative determination of relatively large amounts of impurities distributed 
over the material bulk. The attenuated total reflectance (ATR) technique allows determination 
of trace amounts of impurities. The physical basis of ATR leads to a limited penetration of the 
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radiation (a few microns) into the sample.163 Therefore, the ATR method is more suitable for 
investigation of the surface and a volume of material close to its surface.  
Fig. 27. ATR FTIR spectra of TlBr samples manufactured in different ways. B4b, LDb, TLb and MainA crystals 
are grown from melt. MainB and LongB are additionally hydrothermally annealed. G01St is several crystals 
grown by the hydrothermal method. D01 and D03 are dendrite crystals obtained after first and third 
hydrothermal recrystallisations, respectively. All samples are in a contact with diamond under fixed pressure. 
Dashed vertical lines mark the position of sulphate bands in TlBr. The solid vertical line corresponds to CS2
liquid, which is added for better contact between the sample and the diamond.  
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Interpolation of ATR results to the whole sample volume should take into account any 
possible impurity depth profile near the surface, for example, due to aging.56 In Fig.  27,  the 
ATR FTIR method is used for qualitative characterisation of TlBr samples made by different 
methods. The samples are dissimilar as shown by base level behaviour, as well as by sulphate 
content. However, the origins of these differences, whether they be crystal growth, treatment 
or aging, is not clear, because the method only characterises the material near its surface.  
Due to impurities inside the lattice of a Tl halide, the experimental value of the coefficient 
of bulk absorption (10-5 cm-1 at =10,6 m) is three order less than the theoretical value.53
The key impurities, which are introduced by the manufacturing processes, decomposition 
reactions of by-product and ageing, are oxides of sulphur, carbon, nitrogen, chlorine and 
hydrogen. Their typical IR frequencies are 1200 and 620 cm-1 (for  SO4-2), 1400-1500 cm-1
(for CO3-2), 2100 cm-1 (for NCO-), 960 cm-1 (for ClO3-), 1380 and 830 cm-1 (for NO3-), and 
1600-1700 cm-1 and 3200-3600 cm-1 (for  H2O).44c Sulphate,50, 164 nitrate54 and water53
impurities,  and  their  derivatives  are  considered  the  most  deleterious  with  respect  to  the  
transparency of Tl halides and their aging. Due to the effects of the crystal field,162 the 
absorption bands may split, or become hidden; lines active only in Raman spectroscopy often 
become active in IR spectra, and vice versa. For example, the orientation effects of a nitrate 
group inside the lattice can change the intensities and appearance of the bands in an IR-
spectrum after annealing.54 The absorption bands of water, as well as nitrate and sulphate 
ions, in different solids are summarised in Table 5, Table 6, Table 7. Assignments used for the 
bands are made according to Nakamoto.162
In general, water in lattices absorbs at 3550-3200 cm-1 (symmetric 	1 anti-symmetric 	3
OH stretching) and at 1630-1600 cm-1 (HOH bending 	2).162b Additional bands at ~600 cm-1
and ~500 cm-1 observed in Tl halides are suggested to be caused by TlnOm impurities formed 
by the reaction of water with the Tl halide.53
Table 5. Vibrational frequencies of water (C2v) in solid crystals.  
Crystal 	1 	3 	2 (?Tl2O) (?Tl4O2) Ref 
Solid 3400 3220 1620 162a
TlCl 3345 1641 644 - 53
Tl(Cl,Br) 3344 1644 645 507 53
TlBr 3370 1630 604 469 53
Tl(Br,I) 3380 1628 594 462 53
In sodium and potassium nitrates, the nitrate ion is planar.162c By analogy with the lattices 
of NaCl and CsCl, in which the impurity NO31--ion has been studied, the impurity bands in 
TlBr can be assigned. Additional bands at 1190 cm-1 and 824 cm-1 observed  in  TlBr  are  
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suggested to be caused by either NO2-1 or by the formation of complexes that are more 
complicated than the NO31--ion. The intensity of the 	4 band is proposed to be small.54
Table 6. Vibrational frequencies of the nitrate ion (planar) in solid crystals. Frequencies 	1 and 	2 are Raman (R) 
and IR active, respectively. 
Crystal IR/R 	1(A1´) 	2(A2´´) 	3(E´) 	4(E´) Ref
Na[NO3] IR 831 1405 692 162c
Na[NO3] R 1068 1385 724 162c
K[NO3] IR 828 1370 695 162c
K[NO3] R 1049 1390 716 162c
TlBr IR 835 1373 weak? 54
Impurities of sulphur and its compounds (S, S2-, SO32-, SO42-) are often found in optical 
materials, since source materials and reagents used during the manufacturing process, as well 
as air, contain them. The most probable form of sulphur in Tl halides is the sulphate ion.50
The  free  sulphate  ion  has  the  symmetry  point  group Td. Only 	3 and 	4 frequencies  are  IR-
active. However, a reduction of the symmetry, for example by coordination,162e inside the 
lattice can cause the vibrations to degenerate and activate Raman modes in the infrared 
spectrum. The appearance of additional lines and their splitting is explained by the formation 
of pairs between sulphate ions and a metal, defect or impurity.164 The process may be 
dynamic, since the number and intensity of the bands is not reproduced from sample to 
sample with the same composition.50
Table 7. Vibrational frequencies of sulphate ion (tetrahedral) in solid crystals. Only frequencies 3 and 4 are IR 
active. 
Crystal 	1 	2 	3 	4 Ref
[SO4]2- 983 450 1105 611 162d
TlCl-TlBr ~960, 997  1090, 1130 626 50*
TlBr-TlI 997 1106, 1149, 1163 628 44c* 
TlBr 800 1010, 1100, 1260 Fig. 27 
* - assignments were not made 
5.3  X-ray diffraction methods (XRD)  
Material characterisation by the use of X-ray diffraction methods has been known since 
the discovery of the wave character of X-ray radiation by Max von Laue in 1912.165 The 
powder diffraction method was devised independently in 1916 by Debye and Scherrer and in 
1917 by Hull.166 After Klug and Alexander,124 the  powder  diffraction  method  became  a  
routine technique for identification of compounds and impurities and their quantification. 
Data collection has been considerably simplified by computer-based instruments, which are 
supplied with software packages for rather tedious data reduction. Instrumentation and 
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experimental procedures have been widely developed for different forms of substances, i.e. 
for single crystals,125 powders167, 165, 166 and thin films.168
In this work, a Philips powder diffractometer (PW1710/00) supplied with PC-APD 
software (PW1877/42) was used for phase purity testing of TlBr,I the identification of 
reaction by-products and localisation of impurities forming their own phases.IV,  V A  D8  
Advanced Bruker X-ray diffractometer was used for the orientation of single crystals of TlBr 
and their quality control by the rocking curve method.I-VII.  For  2 scans  was  used  a  
PANalytical X'Pert Pro MPD X-ray diffractometer.178
5.3.1 Penetration depth
X-rays are absorbed in materials by photo-electric effect, and are scattered by elastic 
Rayleigh and inelastic Compton mechanisms. As in optics, total attenuation follows the 
Bouguer–Lambert–Beer law for a given wavelength : I(d) = Io exp(-μ   d),  where  d  is  the  
length  of  the  path  of  the  X-rays  inside  the  material,   is  its  density  and  μ  is  the  mass  
attenuation  coefficient.  The  coefficient  μ  can  be  computed  from  the  composition  of  the  
material:  μ  =   ci μi,  where  ci is the mass proportion of a chemical element i, and μi is  its  
attenuation coefficient.169
The significance of absorption coefficients to diffraction experiments is that only a part of 
the  material  is  represented  in  diffraction  patterns.  The  thickness  of  the  ‘work’  layer  
(penetration depth) depends on the wavelength of the X-rays and the angle at which the 
incident beam strikes the sample (). Penetration depth Pd of TlBr in the range 20o - 70o of 2
is 2.5 μm and 8.2 μm for reflections from (100)- and (300)-planes, respectively (Table 8). 
Thus, as in the case of ATR FTIR, XRD methods can characterise a relatively thin layer of the 
TlBr crystal, in which surface effects have a clear contribution.  
Table 8. X-ray penetration depth Pd (μm) for 98% contribution to the diffracted beam (I(d) / Io) for TlBr, TlI and, 
for comparison, for Si and some metallic electrode materials. Cu-radiation (K
1) at incident angle .
Calculations performed using the program Diffrac-plus, AbsorbDX V.1.1.4 (Bruker Advanced X-ray 
solutions). 
 Pd (TlBr) Pd (TlI) Pd (Si) Pd (Pd) Pd (Au) Pd (Ti) Pd (Al) 
20 2.450 1.922 24.370 1.397 0.863 4.647 26.180 
45 5.399 4.235 53.070 3.080 1.902 8.037 57.690 
70 8.093 6.347 80.490 4.616 2.851 12.050 86.460 
90 9.977 7.825 99.230 5.690 3.515 14.850 106.600 
150 13.630 10.690 135.600 7.773 4.801 20.290 145.600 
180 14.110 11.070 140.300 8.048 4.971 21.000 150.700 
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5.3.2 Data collection and specimen displacement 
The collection of the data with a counting detector, which sums the integer number of 
counts  per  fixed  time  interval,  follows  the  probability  distribution  p  of  the  Poisson  random  
variable n: p(n, μ) = exp(-μ) μn / n!, where n (here) is number of counts and μ is the average 
number of counts or a signal level. In a Poisson distribution, the statistical standard deviation 
 is directly connected with the mean μ: 2 =  μ.170 So,  a  relative  error  is  about  /μ  =  μ-1/2.
Thus, in order to decrease the relative error by factor K, the signal level μ or time of the data 
collection should be increased by factor K2. Although modern searching programs can find 
peaks on a coarse background with criteria less than 1, Poisson’s approach helps with 
planning the data collection experiment in order to have reliable peaks.  
For XRD data reduction the programs require precise values, for example, of peak 
positions, with an error often less than a scanning step (0.02o of 2 in the indexing program 
TREOR). Approximately half of the error in peak location is due to instrumental error.171 The 
discrepancy in 2 peak position, the specimen-displacement error, is by far the largest of the 
errors found in XRD powder data.167a Even in the case where the sample holder itself can be 
accurately referenced to a machined surface on the goniometer, due to the different 
attenuation coefficients of the sample and reference material it is difficult to set the sample 
into the correct position. Since a Si-standard is commonly used for instrument alignment, for 
TlBr samples this creates a problem, because the penetration depth for TlBr is ten times 
smaller than for Si (Table 8).  
The specimen-displacement error can be expressed as follows165a: (2) = 2 S cos() / R, 
where S is the displacement of the specimen from the focusing circle with radius R. The error 
can be eliminated by the use of an internal standard. A typical procedure includes the fitting 
of peak positions of the standard, and then correction of the sample pattern using the S value 
obtained.172 However,  for  a  slice  of  a  single  crystal  of  TlBr,  for  which  only  one  of  a  few  
reflections can be registered, the only way to decrease the effect of the specimen-
displacement error is  careful instrument alignment followed by variation of its  Z (vertical)  -
coordinate.  
5.3.3 Full width at half medium FWHM 
The width  of  the  peak  characterises  crystalline  quality  of  the  crystal.  The  origins  of  the  
broadening of peaks are crystallite domains (whose size is designated ) and strain (). The 
first term is usually associated with variation in the domain sizes and their disorientation. 
Lattice strain  represents variable displacements of atoms from their sites in the idealised 
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crystal structure caused by dislocations, vacancies, interstitials, foreign atoms and similar 
defects. Strained crystals are often composed of elastically strained micro-domains separated 
by plastically-deformed regions of high defect density.167b Two determination methods for the 
line broadening  have been described: (1)  + b = B and (2) 2 +  b2 =  B2, where b is 
instrument broadening and B is the width of the observed diffraction line at its half-intensity 
maximum, also known as FWHM. The first definition (1) is often associated with size effects, 
while the second is related to the strain.  
The crystalline size broadening  is expressed by the Scherrer equation:  = K / ( cos 
), where K is the domain shape factor,  is the wavelength,  is the average crystallite size, 
and  is the Bragg angle. The peak breadth  due to stress is related to the residual strain  by 
 = 4 tg .165b The strain  can also be expressed as mean lattice distortion d/d, where d is 
the lattice parameter.173 The difference in angular dependence of size and strain broadenings 
is  the  basis  for  size-strain  analysis,  which  assists  in  separation  of   and   fractions in the 
common broadening (B – b). For slices of TlBr single crystals, this analysis is difficult to 
carry out since only one or a few reflection planes (for example, (110) and (220)) are detected 
in a 2-scan. Actually, disorientation between cut-off surface and reflection plane complicate 
this problem. Therefore, in this work, crystal quality was mainly studied by the rocking curve 
method.  
5.3.4 Rocking curve method 
The broadening effects, both due to size and strain, generally produce a symmetric 
broadening around the original peak position.165b This permits study of how perfect the stack 
of  hkl-planes  of  a  given  reflection  over  the  sample  is  by  scanning  with  the  X-ray  tube  and  
detector fixed relative to each other at the original 2hkl angle (see Fig. 28). This is done for 
every turn of the sample around the z-axis in the xy-plane. When, after a sequence of turns 
around the z-axis, a scattering vector Shkl reaches the yz-plane, the intensity maximum of the 
original peak will be recorded during the -scan (Fig. 29A).  
If the stack of planes is broken (domains) or/and bent (strains), the local disorientations of 
planes of the stack will produce a splitting of the original peak and redistribution of its 
intensity over the -scan (Fig. 16 and Fig. 14B). Thus, step rotation over the z-axis and -
scans result in the detection of several peaks, each having its the own 
- and - orientation 
with respect to the xyz-system. In fact, the 
-angle characterises the deviation of a reflection 
plane from the slice’s surface during the cutting and polishing procedures. Both - and 
-
angles characterise the disorientation between Shkl-vectors in 3D space. The rocking curve 
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method (-scan) can be enhanced by variation of 2 that is the same as 2-scans with series 
of  fixed (see Fig. 29B).178 Thus, information about a domain size and strain in a crystal can 
be extracted (compare chapter 5.3.3).  
Fig. 28. Bruker setup for recording X-ray rocking curves, the xy-plane is fixed on a work table. The sample is 
positioned on an xy-flat surface of the diffractometer. A scattering vector S of a reflection hkl-plane forms a 

-angle to the z-axis and its S´-projection onto the xy-plane forms the -angle to the x-axis. The X-ray source 
tube and detector fixed at 2hkl are scanned over the angle  in the yz-plane (rocking curve -scan).  
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Fig. 29.  An X-ray  study of  a  crystal  grown by the  TMZ method.178 (A) A rocking curve of the ingot’s area, 
which is free of strains [FWHM() = 0.1]. (B) 2 scans of the slice N11 that was polished, etched and 
annealed [FWHM() = ~ (0.2+0.3)].  
The X-ray rocking curve method has several limitations. The first is related to the 
penetration depth, which is shown for several substances in Table 8. Secondly, the irradiated 
area of the sample varies with -scan as w/sin(), where w is the beam thickness. Thirdly, an 
-scan is limited by geometry to angles of 0o to 2o (see Fig. 28), and the diffractometer 
construction often decreases additionally these limits.  
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5.4  Electrical characterisation  
For improving the performance of the TlBr detector, preliminary electrical 
characterisations of TlBr crystals are carried out in order to establish electrical parameters 
(resistivity, capacitance, leakage current and temperature limits) for future use of the crystals 
as detectors. There are two factors to be taken into account. The first one is quality of the 
surface and electrodes, since they serve as the current supply, signal collectors and radiation 
window. The interactions between the TlBr surface and metallic electrode are considered in 
chapter 4, and the effects of metallisationIV and degradationV on TlBr single crystals have also 
been studied. The second factor is related to the TlBr crystal electrode system, which is a 
capacitor and therefore a time delay is used during the voltage sweeping.  
For the electrical characterisation a Keithley 2400 Series Sourcemeter I-V and Agilent/HP 
4155A semiconductor parameter analyzerVII were used. Frequency dependence of capacitance 
and C–V curves were measured with a Precision LCR Meter HP4284A (Hewlett Packard).III, V
Beckman (Modell 2400) or Perkin Elmer MPF-44A spectrophotometers were used for 
obtaining a photo-response from crystals.II, III, V The X-ray response of the TlBr crystals was 
studied using Cu-radiation from a Philips X-ray diffractometer, PW1710/00.II, IV MULTI-
POWER/SPECTRUM (Bruker Baltic)147 was used for characterisation of the TlBr crystals as 
detectors.VI, VII
5.5  Elemental analysis  
An inductively Coupled Plasma Mass Spectrometry (HR-ICPMS ELEMENT, Finnigan 
MAT, Bremen/Germany, equipped with a microconcentric nebulizer MCN-100, CETAC 
Tech., Omaha/USA) was used for the trace element analysis. The method permitted 
simultaneous determination of Al, As, Bi, Ca, Co, Cr, Cu, Fe, Mg, Na, Nb, Ni, P, Pb, Pd, Pt, 
S,  Sb,  Si,  V and  Zn in  crystals  of  TlBr  and  its  solutions.I The analysis was done by totally 
dissolving the samples. The sample preparation steps and subsequent measurements were 
performed under clean room conditions. The detection limits were between 0.001 and 
0.01ng/ml, depending on the element, with a dynamic range of more than eight orders of 
magnitude. The details of trace element analysis with ICPMS have been described in Ref.174
The elemental composition was also studied by energy-dispersive X-ray spectroscopy 
(EDS) analysis using an Oxford INCA350 EDS connected to a Hitachi S-4800 FESEM.III, V, 
VII The instrument is supplied with software for spectrum collection, peak identification and 
quantitative analysis. The instrument allows point analysis, line scanning and elemental 
mapping of the image obtained by SEM. Since chemical analysis is performed by measuring 
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the energy and intensity distribution of the x-ray signal generated by a focused electron beam, 
the depth depends on the energy and incident angle of the beam, properties the material being 
examined  and  energy  of  the  X-ray  radiation  (see  Table  8).  The  minimum  size  for  point  
analysis is associated with a minimum probe current. For example, a 20-nm probe diameter 
has been estimated for conventional 20 kV voltage and a minimum 10 pA probe current.156f,
The EDS system coupled with SEM was used in this work to provide information concerning 
non-uniformity of the sample on the elemental scale.III, V, VII
Conclusion 
In the field of gamma-ray detection there is a great need for high performance detectors 
that work at ambient conditions. The applications that need these detectors range from 
medical and military to astrophysical. A single crystal of TlBr is a promising candidate for 
gamma-ray detection at room temperature because of its high stopping power, density and 
wide bandgap (chapter 2). However, this material has less developed technology for crystal 
growth and purification than, say, that for Si and Ge detectors. As a result, purity and crystal 
quality  are  the  main  problems  of  TlBr  crystals  as  detectors.I, II Therefore, the technological 
processes for TlBr detector manufacturing were studied with respect to obtaining the best 
purity for TlBr and the highest quality of TlBr crystals.  
The improvement of purity and crystal quality was the central topic in published papersI-
VII and in chapters 3 and 4. In chapter 3.1, wet and dry methods of synthesis of TlBr, as raw 
material,  were  studied  and  compared.  Precursors  were  shown  to  have  the  drastic  effects  on  
quality of material and its aging. The hydrothermal method for TlBr synthesis was proposed 
for better purityI. Purification methods by recrystallisation from vapour, molten state and 
water solutionsI were considered in chapter 3.2. A combination of wet (hydrothermal) and dry 
(Bridgman and TMZ) methods of purification was shown to be successful for obtaining high 
quality crystals.77, VI
Various methods for crystal growth were summarised in chapter 3.3. Crystals grown from 
water solutions by the hydrothermal method were small, but available for production of the 
counting gamma-ray detectors. The crystal growth from melts currently is the only method by 
which large ingots of Tl halides can be produced. Bridgman and TMZ methods were studied 
and  used  for  growth  of  large  crystals  of  TlBr.  Basically,  non-uniformity  of  TlBr  crystals  
grown  from  melt  was  shown  to  stem  from  the  walls  of  the  crucible.  In  Bridgman  method,  
recent attempts to decrease the adhesion by increasing the temperature of melt deteriorated 
also the purity of a crystal by dissolving the crucible components.VII Thus,  the  problem  of  
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interaction of an ingot and crucible material persists. In the horizontal TMZ method, crystals 
grown were less stressed than in the Bridgman method possibly due to releasing tension from 
the walls through the top surface which was open.178 Crystal quality can be improved by 
annealingI, II (chapter 3.4). Various annealing processes were used in this work to decrease the 
strains and number of boundaries in the crystal and make it more uniform and pure. The 
annealing improved electrical characteristics as well.II
During TlBr detector fabrication (chapter 4) cutting and polishing the crystals were 
showed to make pronounced and deep structural surface damage.III Chemical polishing and 
etching were used and chemical cutting was proposed in order to avoid mechanically 
damaging the material and to clean its surface. Metallisation effects were demonstrated to 
depend on the metal and deposition conditions.IV The stability of TlBr-metal interfaces was 
influenced to much extent by an ionic current, which produced degradation of the TlBr crystal 
and metallic electrodes.V The use of the purest TlBr of highest crystal quality and lowering of 
the temperature of the device below the level of noticeable ionic current seems to be the only 
solution for suppressing the polarisation effects associated with an ionic current and making 
the gamma-ray detector more durable.  
In this thesis, the technological stages, such as preparation of TlBr raw material, crystal 
growth, annealing and detector fabrication, were optimised using various instrumental 
characterisation methods (chapter 5). Different technological processes were studied by 
elemental analysis of corresponding samples using HR-ICPMS.I The  FTIR  method  was  
reviewed and used to determine the impurity molecules or anions that were built into the 
lattice. The ATR-FTIR technique was applied for qualitative characterisation of raw material 
and single crystals of TlBr.I Also, FTIR base lines were used for the characterisation of 
quality of the samples.VII, 178 A polarisation microscope was used to determine the extent of 
non-uniformity in crystals.II-IV, VI, VII The study of the surface morphology was carried out with 
SEM, and the elemental composition of irregularities observed was studied using an EDS 
system.III, V, VII The  phase  purity  characterisation  of  TlBr  was  done  using  X-ray  powder  
diffraction.I, IV The effects of technological operations on the quality of single crystals were 
studied by the X-ray rocking curve method.I-VII Characterisation of electrical properties of 
TlBr single crystals was carried out by measuring I-V curves, photocurrent, current-time 
(electro-aging) and capacitance characteristics.I-V, VII Final qualitative characterisation of a 
crystal as a detector was done using gamma ray spectroscopy methods.77, VI, VII
The central concept for this thesis was to recrystallise TlBr from water solution in a chain 
of routine purification methods. This significantly improved the detector performance. A 
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second approach was the use of annealing methods for improving the crystal quality and 
purity. The innovation in this thesis was the use of the hydrothermal method for the synthesis, 
purification, annealing and crystal growth of TlBr. These techniques allowed detector-grade 
TlBr single crystals to be produced.77, VI The best crystal had parameters, the mobility-lifetime 
product for electrons of 3.3x10-4 cm2/V and resistivity of 2.9x1012 cm (at  -20  oC), which 
were approached using only hydrothermal recrystallisation and seven TMZ passes.  
Looking ahead, the crystal growth, annealing and TlBr detector fabrication techniques 
could be developed for making non-strained and pure crystals of TlBr. Future steps should 
solve the existing problems such as adhesion to crucible material, strain-less treatment of 
samples, and develop new technological stages, for example to use the electrochemical 
methods for purification. The study of non-stoichiometry in TlBr and its doping will allow to 
make p- and n-type materials that could be used in a creation of diode structures, and thus, to 
decrease the leakage current in TlBr detectors. The other problem is an ionic current and its 
interaction with electrode material. The formation of barriers to the ionic current and 
electrochemical reaction on the electrode could make the TlBr detector more durable.  
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